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ON THE SUMMATION OF CONTRACTIONS. Br 
GEORGE RALPH MINES, Fellow College, 


be the and the 
Zoological Station, Naples.) 


THE classical experiments of Bowditch (1871) showed that the force 
of contraction of ventricular muscle is independent of the strength of 
the induction shock which provokes the contraction. Keith Lucas 
(1905) gave evidence that the same holds good for the single fibres of 
_ skeletal muscle and in 1909 he showed that it is also true when the 
induction shocks are applied to the nerve, so that the muscle is excited 

by nerve impulses. 3 

The experiments of Symes and Veley (1911) on the treatment of 
nerve fibres with local ansstheties showed that as the conductivity of 
the nerve was depressed the fall in response of the muscle to excitations | 
applied to the nerve above the block, was in a series of very well 
defined steps. The number of different heights to which the 88 855 
would contract was limited. 

In a number of experiments made in 1908 I obtained seville 
pointing in the same direction; since they were obtained by quite 
different. methods I think it of interest to describe them wing before 
proceeding to the main thesis of the present paper. 


Ewperiments on the excitation of the intra-muscular nerves of the 
sartorius with finely graded stimulr. 


5 The sartorius of the frog was dissected out and the pelvic attach- 
ment secured to a glass rod by means of a hook transfixing the two 
acetabular cavities. A thread attached to the tibial tendon connected 
it to the short arm of a light lever arranged to write with as little 
friction as possible on a smoked drum. The sartorius was surrounded 
with fluid in an apparatus which differed only slightly from a modifica- 
‘tion of Lucas’ fluid electrodes which I have described before (Mines, 
1908, Fig. 9, p. 423). The inner tube of this apparatus was cut off 
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short and not tapered. On the end of the inner tube a thin dise of 
celluloid was cemented with wax. In this disc a rectangular slot was 
cut (about 5 x 1˙5 mm.), through which the sartorius passed. The glass 
rod holding the sartorius was fixed to a rigid clamp; the rest of the 
apparatus, bearing the non-polarisable electrodes and the slotted disc, 
by means of a rack and pinion could be raised and lowered around the 
muscle without disturbing it, so. that various portions of the sartorius 
from the pelvic to the tibial end could be brought within the slot at 
will. In this way very accurate localisation of the stimulus was possible, 

_ since the change in current density at the slot was very abrupt. ; 


Fig. 1. Described in text. 


As stimuli I employed break induction shocks from a coreless 
induction coil; stimuli towards which the nerve fibres of the sartorius 
are much more sensitive than the muscle fibres. In a coreless coil 
the strength of the secondary currents is directly proportional to the 
strength of the primary currents inducing them over a wide range. I 
found it easy to get a fine gradation of stimuli by using a metre bridge 
in the primary circyit, by means of which different fractions of the 
battery current were led off. Four or five Daniell cells were used to 
keep up the potential difference between the ends of the potentiometer 
wire. Since the internal resistance of the battery was high as com- 
pared with that of the primary of the inductorium, it is evident that 
with the arrangement of apparatus shown in Fig. 1 the increase in 
current strength produced by shifting the slider from left to right was 
very gradual. Trials with a delicate microampéremeter showed that 
the increase was very smooth, 
The fluid with which the electrodes were filled was a Ringer's 
solution containing NaCl 7 /, KCl 0025°/,, CaCl, 004 in distilled 
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SUMMATION OF CONTRACTIONS. 3 


‘The difference i in excitability of muscle and of intramuscular deve 
the type of is here is marked. 


is quoted. 


Region of muscle slot of lider for bwitch, 
_ Pelvic end eee wee soe Off scale (greater than 100) 


3 ” ' 
6 * 8898 
7 ” «ee 72 
10 ” 47 
14 * “9 31 
16 ” 28 
1 „ 75 238 
31 
‘i 42 
22 % 55 : Off scale (greater than 100) 
23 ” „ 
99 9. „ 


Nerve fibres appeared 
at a distance of 6 mm. from the pelvic end and continued as far as 21 mm. from the pelvic 
end, The region of nerve entry was 15 mm, from the pelvic end. 

In Fig, 2 is shown a tracing obtained later by stimulating the various regions of the 
same muscle with induction shocks, the potentiometer being kept at 90 throughout. 
Beneath the tracing is a copy of the drawing made from the preparation, reduced so as to 
correspond to the tracing. At the time when the tracing was taken the excitability of the 


Stimalation i in the neural region with a series of induction — 9 of 
ne increasing strength led to the following results. The minimal 
response was generally of considerable size. It varied in different cases, 
but the contractions always appeared and disappeared abruptly. In 
making the experiments the stimulus first used was always sub-minimal. 


The stimuli were then sent in at regular intervals (about 18 per minute) 


1—2 


9 
K 
~ 
724 
* 
. 
* a 
7 
* 
; 
= 
7 
7 
iy 
4 * 
nf 
* 
N. 
a 
4 
‘ 
> 
25 
* 
| 
2 
org E. 
* 


MINES. 


the slider of the potentiometer being shifted 0°5 or 1:0 mm. after each 
shock. Fig. 3 gives a typical instance of the curves obtained. Perhaps : 
the most striking feature is that shown through the small irregularities. 6 

When the stimulus is very near a threshold value, the response 1s some- 
times of one height and sometimes of another, but it always falls into 
line with one or other of the steps. These steps showed considerable 


Pig. 8. Described in text. 


regularity and persistence. Thus in Fig. 3 (a) was obtained an hour 
and a half before (6), care being taken of course not to shift the 
electrodes. A region of the muscle 5mm. from the pelvic end was 
in the slot’. In the first curve, stimulations were started with the 


? This was within the neural region in this muscle. See Mines, This Journal, xxxvm. 
p. 481 for farther figures of the frog’s sartorius showing the variability in extent of the 
non-neural region at the pelvic end of the muscle. 
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SUMMATION OF CONTRACTIONS. 5 


potentiometer slider at 55, the first response appeared at 68, another 


step appeared at 79 and a third step at 89: stimulations were continued 
up to 95. In the descending series, steps appeared at 87, 82 and 73. 
(The number given is the step number is always the slider position 
for the first of the greater contractions in the ascending series or the 
last of the greater contractions in the descending series.) 

In the curve 3 (6) the steps were at 67, 79 and 88 in the ascending 
series and at 89, 82 and 70 in the descending series. The same steps 
could be made out in later tests. 


Fig. 4. Deseribed in text. 


Fig. 5. Described in text. 


Tt was noticed in many cases that the number of steps was greater 


when the region stimulated was well within the neural region than just 


at its borders. Fig. 4 shows two curves obtained by exactly similar 
treatment of the same muscle, except that in (a) the region in the slot 
was 10 mm. from the pelvic end, while in (b) the region stimulated was 
11 mm. from the pelvic end. : 
It will be noticed that there is some progressive alteration in de. 
height of the responses on the same “step,” but this is seen both with 
the increasing and decreasing series of stimuli and depends therefore on 


the altered condition of the muscle as a result of previous stimulation : 


the most usual form of this change is the Treppe. If the strength of the 


induction shocks is increased considerably, it is possible to excite a 
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6. R. MINES. 


aa fibres 8 in whl case the step effect is scarcely to be 
seen, probably because the fibres are so numerous. Fig. 5 shows a 
tracing taken by stimulation of the pelvic end of the muscle in this 
way. When the neural region of the muscle was in the slot, excitation 
was almost entirely indirect with the strengths of current usually 
employed. This is shown further by the action of carare. Fig. 6 shows 
the responses to the same series of stimulations before and two minutes 


Fig. 6. Described in text. 
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‘Fig. 7. Deseribed in text. 


after the substitution of 01 % curare in Ringer for the plain Ringer's 
solution. With the pattern of electrodes used the change of solution is 
effected with great ease. With more dilute solutions of curare the size 
of the responses belonging to the different steps is progressively reduced, 
but the existence of the steps may still be . as — at 
about the same — strength, = 
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SUMMATION OF CONTRACTIONS. 


Thus in Fig. 7 the stimuli were applied at a region 9mm. from the 
_ pelvic end of the muscle. (a) was taken at 12.0 for the ascending and 
12.10 for the descending series. (ö) was taken at 12.20 and 12.25, the 
muscle remaining in Ringer solution. The step occurred in (a) at 70 
and at 65: in (6) at 73 and 70. At 12.28 a solution containing 
‘0001 °/, curare was substituted. At 12.30 and 12.33 the records shown 
in (o) were made, with steps at 66 and 70. During this series there is 
a marked falling off in the responses. At 12.38 and 12.41 the records 
shown in (d) were taken. Although the responses are in this series 
exceedingly small, there is a perfectly obvious step at 71 and at 69, 
dlearly representing the step seen in the other tracings. (e) was taken 
at about 1.10, six minutes after removing the curare solution. It shows 
steps at 70 and 70 with some increase in the size of the responses, 
while (f) was taken an hour and a half later: it shows complete 
recovery, the steps are at 66 in the ascending and 73 in the descending 
series. 

The explanation of these observations is not difficult. There can be 
little doubt that each step is the result of the excitation of a fresh 
nerve fibre or of nerve fibres, thus bringing a new group of muscle 
fibres into play. It would seem from the large size of the steps usually — 
found that the excitation of a nerve fibre usually brings in all the 
muscle fibres supplied by it. But in the action of curare, the block is 
established in one neuro-muscular junction before another, and thus the 
excitation of a nerve fibre will affect progressively fewer and fewer of 
the muscle fibres which it innervates. The excitability of the nerve 
fibre itself is unaffected, and thus if any neuro-muscular synapses 
remain unblocked, the steps appear at the same current strengths as 
before. The curare in the strength used in these experiments (0001 %) 
was found not to reduce the excitability of the muscle fibres towards 
the form of,stimulus employed. 

It may be noted that these experiments suggest either that in the 
excitation of a nerve fibre by single induction shocks there is no 
gradation in response to graded stimuli, or else that the smallest 
excitation which can be provoked is sufficient to excite any neuro- 
muscular synapse which is capable of being excited at all by a single 
impulse. 

Experiments on the excitation of nerve fibres with 8 stimuli 
show that there is no graded response of the muscle fibres attached to 
dach nerve fibre; but unless it is i that by such graded stimulation 

of nerve fibres nerve impulses of graded strength are provoked, it 
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chninot be that muscle fibres show no in | 
response to graded nerve impulses, We have at present no conclusive — 


'  evidente that the strength of an impulse in a single nerve fibre. varies 


at all in strength with the strength of the stimulus used to excite it. 
Moreover, the recent observations of Adrian (1912) show that in a 
given region of a nerve fibre the strength of the disturbance is unaffected — 
by chat of the conducted disturbance which evokes it. In other words, 
regarding the nerve impulse i in the region of the nerve fibre immediately 
preceding that region under observation as “the stimulus” for the 
latter region, the all or none principle is true for this region. 


On the relation of tetanic contraction to the response to a single stimulus 
It has been proved by Keith Lucas that the response of a muscle 
fibre to a single induction shock is independent of the strength of the 
induction shock, provided it is strong enough to elicit any response at 
all. The difference in behaviour of masses of skeletal muscle and of 

heart muscle in response to graded series of induction shocks depends 


on the fact that excitation spreads from one fibre to another in the 55 


myocardium but not in the skeletal. muscle. 

It is of course fully recognised that the extent of the contraction in 
a muscle fibre depends on the condition of the fibre at the time. 
Bowditch himself noted this, and drew special attention to the fact 
that the contraction of heart muscle in response to a single induction 
shock of whatever strength was influenced by the previous activity of 
the muscle, and by the lapse of time since such activity. It is familiar 
that the extent to which heart muscle contracts may be increased 
enormously by stimulation of the sympathetic nerves and that the size 
of the “maximal response” of skeletal muscle to a single induction 
shock is increased on repeated stimulation (time being allowed. for 
complete relaxation), showing the same staircase effect as does heart 
muscle. 
An spite of these facts, the 8 has been made to explain the 
difference in the magnitude of a single response of skeletal muscle and 
the tetanic response, by purely mechanical factors. Thus it is commonly 
said that when a second stimulus is thrown into skeletal muscle very 


shortly after the first, and before the contraction due to the first is ae 


completed, the second response is higher because it starts from a 
new base line. Similarly, the hypothesis has been maintained, and 
has been expressed very clearly quite recently by Starling (1912), that 
the difference in shortening in a single twitch and in tetanus does not 
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depend on any difference in the degree of tension developed in the two 
cases, but on the fact that in the 
single twitch the tension lasts 
for so short a time that it cannot 
produce its maximal mechanical 
effect, owing to the lag of the 
lever system used to record the 
contraction. 
_-* ‘The experimental basis for 
this hypothesis is the well-known 
after-loading experiment of von 
Frey. It is said that by after- 
loading the muscle, a response 
to a single induction shock may 
produce as great shortening as pig. 8. Sartorius of frog. After-loading 
does a response to a tetanising experiment. At the arrow a tetanising 
current. Those who have at- 
tempted to repeat this as a class 
experiment will know that it almost invariably fails, that is to say, the 
response to the tetanising current is greater than me to the single 
stimulus, however late the after-loading. 

In the figure reproduced by Starling: (loc. cit. p. 227) the curve 
called a “tetanus” is obviously an incomplete tetanus. Had the stimuli 
been thrown in more frequently, the height of the response would have 
been increased. Fig. 8 shows a repetition of the after-loading experiment 
in which, when the maximal height of the after-loaded twitch was 
obtained (single maximal induction shocks being used as stimuli), a 
tetanic series of shocks was thrown in. The result is a further marked 
contraction, rising actually higher above the new base line than did the 
first twitch above the original base line. The shortening is about 50% 
in excess of the greatest shortening of the after-loaded muscle in response 
to a single shock. It is interesting to note that very shortly after the 

tetanus the single shock could raise the lever a little higher than 
before. 
It may of course 88 be N to this criticism that after- 
loading removes only a portion of the resistance to the shortening of 
the muscle, as the result of the tension set up. It is necessary, there- 
fore, to test experimentally whether the maximum tension set up in 
the muscle fibres in response to a series of stimuli is or is not kas 
than that set up in — to a single maximal stimulus. 
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IIa muscle is placed under tension, and connected to a stiff but 
light and very short spring to which a small mirror is attached, records 
may be obtained of the development of tension in the muscle, even 
‘though this tension may last only a very short time. The mere state- 
ment that the “iso-metric” contraction of muscle when tetanised is 
greater than the “isometric” contraction when a single “maximal” 
twitch is evoked, does not prove that the maximum tension developed 
in the latter case is greater than that in the former, unless it is shown 


that the period of oscillation of the “isometric” lever is shorter than | 
that of the tension in the muscle. This condition is realised with ease 


by the use of the torsion method; the lever being made extremely 
short, the muscle attached very Noe to the axis, and the movements 
being magnified several thousand times by an optical lever. 


The contractile stress of a single twitch lasts in the frog's muscle 


for not less than 01“ at room temperature. 

The period of oscillation of the lever employed in the experiments 
about to be described was less than 0015”, and the muscles were under 
considerable tension throughout, so that there was no time lost in 
“taking up slack.” 


The tension set up as a result of tetanising the 3 sine by 


direct or indirect excitation, was always greater than the neal | 


tension developed in a single twitch. 
Illustrations are given in the following e eee 


Indirect stimulation, Nerve on dee 
Calibrated coil. Two Daniells in series in primary. 


é 


Deflection at break 68 ; aah 60 
Deflection at break 70 at make 68 


It is evident that these stimuli must be regarded as maximal. | 
With same arrangement a rapid series of stimali was sent in, tetanising the mul 
Direct stimulation. A photographic record of the tension changes in the sartorins was 
taken. See Fig. 9. The record reads from right to left. The first two twitches are to 
make and break shocks with a current strength we may call 1. The second pair of 
then follows a tetanus. Finally another pair of single responses. 


The maximum tension which a muscle fibre is capable of ans 
is never developed (except perhaps under the action of such a drug as 
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‘veratrin) as the result of a single induotion shock or of the nervous 
impulse elicited by the application of an induction shock to a motor 
It is familiar that if a series of maximal stimuli are thrown 
into a muscle at intervals not too great, yet sufficient to allow of 
complete relaxation of the muscle between whiles, that the successive 
responses increase in height—this is the well-known staircase effect or 
Treppe. Moreover, under the same conditions, the sooner the second 
contraction comes after the first, the greater will be its increment of 
| shortening. If, now the second contraction comes still nearer the first, 
0 that the mechanical movements actually overlap, there is no reason 
_ whatever to doubt that this increase will be maintained. 


Fig. 9. Described in text. 


There is not the smallest reason to suppose that the subsidence of 


the mechanical act of contraction is essential for the development of an 
increased response to the second stimulus, But it is known that there 
is a close relation between the duration of the electric disturbance in 
muscle and the refractory period. There is reason to believe that the 
occurrence of the action current in muscle signifies the occurrence of 
the propagated excitatory disturbance which precedes contraction. We 
‘know that a muscle can give separate electric responses to stimuli of 

much higher frequency than is needed for complete fusion of “sass 
mechanical responses. 

Thus a muscle or nerve-muscle preparation from the frog will give 
electric responses succeeding one another at the rate of 50 per second 
if stimuli ‘are thrown in at this rate. The contraction, however, is 
absolutely smooth—no sign whatever of the appearance and disappear- 
ans of tension during the tetanus is to be obtained. If there existed 
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rhythmie 1 in the tension, there would be no „ mechanical obstacle 
in the way of recording them by means of a tension lever. 


A further point of great importance in this connexion is that the 


tension set up in response to a more rapid series of stimuli is greater 
than the tension set up in response to a series of stimuli of frequency 


just sufficient to give complete fusion. This is on 


von Frey hypothesis. 
On the relation between excitation and contraction in musole. 
Recent work emphasises the distinction between the. propagated 


excitatory disturbance in muscle and the act of shortening which 


usually follows it. It is unnecessary to recapitulate the evidence 
for the dissociation of these processes in various instances: a critical 
account of the matter has been given recently by Keith Lucas in his 


Croonian Lecture (1912). It has long been thought that the act of 
shortening is due to the action of certain electrolytes on a “contractile — 


structure.” The electrolyte of whose liberation we have the most 
indisputable proof is lactic acid. 
The supremely important work of Hopkins and Fletcher (1907) 


has taught us how lactic acid is liberated as the result of stimulating — 


muscle and is removed by oxygen. We have no direct evidence of the 
time relations existing between the liberation of lactic acid and the 


mechanical act of shortening, but there i is some indirect evidence that : 
the liberation of acid precedes the shortening. For we know thatthe 


electric response of musvle when stimülated is very large, and that 


the difference of potential between an excited and a non-excited region 


is like that which exists between an injured (and therefore lactic acid 
rich) region and an uninjured Tegion. Further we know that currents 
resembling injury currents both in magnitude and in direction can be 
obtained by the application of very dilute acids not only to uninjured 


muscle but also to artificial systems of membranes, The idea that the 


electric currents set up in living tissues are due to concentration cells 


of a special type complicated by membranes exhibiting differential 
_ permeability (diosmotic cells Brunnings) is very well founded. It is 
an experimental fact that in artificial membrane cells, differences of 


potential are most readily set up by the use of acid or alkaline solutions, 
owing to the remarkable properties of the H and OH ions. With these 
facts it is tempting to make the inference that the liberation of lactic 


acid is largely the cause of the action current observed and that there - 
fore it does not begin later. If this is the case, the liberation of lactic 
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acid definitely precedes the mechanical act of shortening. If it precedes 
the act of shortening, it is not futile to discuss whether the liberation 
of lactic acid may not cause the shortening. The suggestion that the 
musele machine which produces mechanical energy from chemical 
reactions with remarkable economy, does so through changes of surface 
energy, is supported by very many theoretical (Fitzgerald, 1878) and 
experimental considerations. Both the conceptions of alteration in 
curvature of surfaces and the imbibition hypotheses come under this 
heading, and need not for our present purpose be differentiated. The 
point is that the application of acid to a colloidal system of particular 
disposition of parts may give rise to a large production of mechanical 
energy. This may be demonstrated experimentally without difficulty. 
The experiments of Fischer and Strietmann (1912) give a very 
practical expression to such ideas. They show that thin strands of 
catgut immersed in solutions of dilute acid undergo quick and extensive 
shortening, a process which is completely reversible when the acid is 
removed and may be repeated an indefinite number of times. 

Now it is well known that skeletal muscle undergoes a very similar 
shortening when it is treated with dilute acid solutions and that in 
both cases the shortening is antagonised by the action of various salts. 
Moreoveg this shortening in muscle as a result of the application of 
acid may be produced when the muscle is in such a condition that it 
cannot be excited by the strongest induction shocks—that is to say 
when its excitatory mechanism is apparently out of gear. Another 


point of similarity between the muscle and the catgut thread (not 


noted by Fischer and Strietmann) lies in the fact that both of them — 
undergo strong shortening as a result of the application of alkaline 
solutions. This effect also is reversible. 
The tension set up in muscle by the application of acid to its 
surface, even in the case of a thin muscle, is far inferior to that produced 
by tetanising the fresh muscle, though the contraction caused by the 
‘application of acid may cause as great a shortening in a Ughtly loaded 
muscle as does tetanus. It is certain that in order to get the maximal 
mechanical energy from a membrane system by the application of acid 


to it, what will be required will be local, relatively high concentrations, 


rather than a uniform distribution of acid through the system. And 
the particular regions in which the concentrations of acid are required 
to produce the effect at its greatest will probably be pretty closely 
limited. It is no strain on our conception of the complexity of the 
muscle mechanism to suppose that the liberation of lactic acid occurs 
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in certain regions of the muscle and not in others. It may be that the 
regions where the acid is liberated are present in numbers in every: 
cubic micro-millimetre of every muscle fibre. As Keith Luchs (1912), 


has well said, we need, perhaps, to look very far into the future before 


we shall see the present histology of the cell amplified by that new 


histology whose duty it will be to locate within the cell surfaces af | 


physico-chemical i im 


If it is admitted as probable that the lactic acid liberated appears 


in certain special regions of the fibre, it follows that the immediate 
effects of such a liberation of acid will be imitated only very poorly, if 
at all, by the application of acid in low concentrations to the surface of 
the muscle. Moreover, the immediate effects in the muscle which 


depend on the localisation of certain concentrations of acid will 


disappear rapidly as the distribution of acid becomes equalised by 


diffusion. The effects accompanying the general increased acidity of 
the muscle, which in point of fact occurs as a result of repeated 


stimulation, can be imitated in detail by the application to the musele. 


of very dilute solutions of acid. The most notable effects produced 
thus are a primary increase and a secondary falling off in ‘excitability | 


and the onset of tonic contracture in the muscle. 
These phenomena receive a general explanation along the Sliowing 


lines. Just as a colloidal system can retain a particular state of dis- 
persity only within certain limits of hydrogen ion concentration of its 
fluid phase, just as there are limits of Cy. clearly set within which 
alone certain chemical compounds are stable, and just as enzymes are 
capable of acting only when the Cg. of the solutions in which they are 


set to work is kept within defined values, so the activity of a living 
tissue (dependent as it is undoubtedly on the conditions of its colloids, 
on the stability of its several chemical components and on the action of 


ferments) can continue only within certain limits of Cy. Ihave already 
shown (Mines 1912) that the limits of Cy. within which the functions 

of tissues from different species of animals can continue, exhibit well- 
defined differences; and I have performed experiments, shortly to be 
published, which demonstrate that the limits differ for different tissues 


from one and the same animal. 


The limits within which activity can continue may be tainly wide, } 
but modification of Cy. within these limits. modifies the behaviour of 
7 the tissues. From these considerations it is evident that the en 
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of an optimal C., so beautifully demonstrated for ferment actions ay 
Sörensen (1909) can be applied also to living tissues. 

In the case under discussion, the application is as lias Since 
response to stimulation of skeletal muscle is impossible if the Cy. of the 
fluid bathing the muscle is too high or too low, there must be at least 
one region of Cy. between these limits, where the conditions will be 
most favourable for the processes concerned in response. The fresh 
muscle may be regarded as being just on the alkaline side of this 
optimum, The Og. is just too low for the most favourable response to 
stimulation. The activity of the muscle, however, liberates acid (in 
certain, special regions) and this acid being distributed through the 
muscle, is gradually removed in the presence of oxygen, but is not 
immediately removed’. While any of it remains, the On is nearer the 
optimal value than it was before the acid was liberated and than it will 
be when the acid is removed. Consequently we have the condition 
familiar in the Treppe, the condition of increased excitability and 
contractility which is the first result of activity of the muscle (provided 
this excitability is tested after the refractory period has passed). If 
the excitations are continued so that the optimal Cy. is exceeded, the 
effect, is of course depression, It is to be noted that these ideas are 
most strongly borne out by observations on the effects of a rest during 
a prolonged series of excitation of muscle. In the presence of oxygen 
there is gradual removal of lactic acid from living muscle. If the Og. of 
the muscle is at the optimal value, or a trifle lower than the optimal, 
the effect of removal of acid will be to reduce the response of the muscle. 
This is in fact observed in the early stages of such a series of contractions 
as we have been considering. After a pause, the next succeeding contrac- — 
tion is smaller than the last before the pause. If on the other hand the 
On has reached a value greater than the optimal value, as is certainly 
the case in the later stages of fatigue, the effect of a rest will be to im- 


BS prove the condition of the muscle—still further does rest in pure oxygen 


improve it. These facts are entirely in accord with our.coneeption of 
an optimal Cy". Recognising the difference between the effects of the 
local and the general concentrations of acid in the muscle there is no 
difficulty whatever in realising how summation of contractions can occur 

when the muscle is so fatigued that the effects of a general increase in 
acidity is only to cause diminution of the response. It becomes apparent 
"a Hill has recently given evidence that the removal of lactic acid continues for over 


two minutes a8 u result of tetanus for one second. 
es also the following section. 
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also why under these circumstances fusion of contractions occurs with 
lower rates of stimulation. Fusion depends on the slowness of relaxation, 
and this in turn on the slowness of removal of local concentrations of 
acid—these having now to diffuse into regions themselves containing 
some acid. Possibly also the optimal On for ese res 
mechanism has been exceeded. 
: Our hypothesis emerges then in the following terms. The propagated 
disturbance in muscle culminates in the liberation of acid in certain 
localised regions of the muscle fibre. The subsequent shortening is due 
to the action on some colloidal system of these local concentrations of 
acid: the local relatively high concentrations rapidly disappear by 
diffusion, and the general rise in hydrogen ion concentration (a rise 
which is gradually counteracted by the oxidative removal of the acid) 


is responsible for the more lasting effects of excitation on excitability — ) 


and on tone. 
On this hypothesis, the fact that the tension set up in a muscle fibre 
by single induction shocks is independent of their strength, implies not 


that the result of excitation in this fashion is to cause a maximal tension 


in the contractile mechanism in every case, but that the local con- 
centrations of acid which are liberated under these conditions are in 
euch case the same. By the stimulus of a single induction shock, or by 
the nerve impulse set up by a single induction shock, there is a certain 


liberation of lactic acid in the muscle. It would seem that the amount 


liberated by the single stimulus in a single fibre does not depend on the 


strength of that stimulus, provided it is effective at all. The immediate 
precursor of lactic acid in the muscle is uncertain; it is very probable — 


that an immediate or remote precursor is glucose or glycogen. But it 
is certain that not all the glucose or glycogen present is converted into 
lactic acid as the result of a single stimulus. How can we account for 
the conversion of a certain small but definite amount on each occasion ? 


Possibly the immediate precursor is some loosely-bound protein-carbo- 


hydrate compound, the protein forming part of the structure of the fibre 


and remaining unchanged after the decomposition of the carbohydrate _ 


moiety: the protein molecules exist only in relatively small numbers 
and therefore only a small “charge” of carbohydrate can be held ready 


for firing on each occasion. If one discharge follows another soon : 
enough, the second may arrive before the local concentration of acid 


produced by the first has had time to diffuse away. Thus the second 
may sum with the first. A higher local concentration thus produced 


we may regard as responsible for the phenomenon of summation of : 
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contractions, It is from this standpoint a summation of the effects of 
the propagated excitatory disturbance at the level of the contractile 
mechanism. More than one factor will be at work limiting the extent 
of this summation. The higher the local concentration rises the greater 
will be the velocity with which it begins to diffuse away. Further, a 


limit is set on the frequency with which the excitatory disturbance can 
recur. The refractory period has been shown, by the work of Keith 


Lucas, to be an affair of the propagated excitatory disturbance which 
precedes the act of shortening. It is of interest that there is some 
general relation between the duration of the electric response in different 
varieties of tissues and the duration of the refractory period (Tait, 1910). 
In skeletal muscle, both are remarkably short, being completed well 
before the beginning of the mechanical response. In heart muscle, as 
is well known, the electric response is prolonged, and the long duration 


of the refractory period is one of the most striking properties of heart 


muscle. Under ordinary conditions the heart muscle is absolutely 
refractory to the strongest stimuli from the application of an effective 


stimulus to the completion of the shortening which is elicited by it. 


It is familiar also that after the termination of absolute refractory period 
the recovery of excitability is gradual, there is a more or less prolonged 
relative refractory period. This may of course be due to differences in 
the rate of recovery of the different portions of the heart muscle—the 
absolute refractory period lasting longer in some than in others. There 
is at present no conclusive evidence on this point. In any case, the 

prolonged refractory period in heart muscle ordinarily precludes the 
possibility of summation of contractions. On the views expressed above 


as to relations existing between the propagated excitatory disturbance _ 


and the act of shortening, it would seem possible that a reduction in 
the duration of the refractory period should lead to ‘the W of 
‘Sammation of contractions in heart muscle. 

The Treppe, or beneficial effect of activity, was described in the first 


instance in heart muscle. Can it be regarded as due to an alteration - 
in the general reaction of the tissue in the fashion discussed in the 


previous section ? 


In connexion with the alterations in 3 of the cardiac 


contractions as the result of the aceumulation of metabolic products, 
I wish to draw attention to the explanation of certain problems which 


have recently arisen out of work on the action of carb@pic acid on the 
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heart. Starling and Jerusalem (1910) showed that the output of 


the mammalian heart when perfused with blood was greater when the 
blood was brought into equilibrium with a moderate tension of CO, 
- than when the CO, was removed as completely as possible. This 
confirmed the results of Henderson and others. With the heart of 
tbe frog perfused with Ringer solution, Starling and Jerusalem 
could get no improvement in the output on adding even very small 
amounts of CO, to the fluid. The result they obtained was in every 


case depression. More recently, Ketcham, and King and Hooker 


(1912) have likewise failed to obtain any beneficial effects from the 
action of OO, on the hearts of warm and cold-blooded animals, and they: 
are inclined to cast doubt on the reality of Starling and Jerusalem’s 
results, attributing them. to the effects of CO, on the state of dilatation 


of the lung vessels (Starling and Jerusalem in their work on the 


mammalian heart used the heart -lungs preparation). 

In reality the explanation of these divergent results is extremely 
simple, In their experiments on the mammalian heart, Starling and 
Jerusalem perfused in the first instance a solution too alkaline for the 
proper activity of the mammalian heart. The blood without CO, is of 


hydrogen ion concentration below the optimal value. The addition of 


a small quantity of carbonic or of any other acid whose anion is not 


definitely toxic will improve the beat of a heart perfused with such 


a liquid, allowing its diastole to bécome more complete and so in- 
creasing its output, In their experiments with the frog heart and 
with the. tortoise ventricle, Starling and Jerusalem used as the 
starting point not “acapnic” blood but Ringer's solution. Unfortu- 
nately they did not record the composition of the particular Ringer 
mixture they employed. The ordinary Ringer's solution used in 


most physiological laboratories contains only a very little alkali, in 


the form of sodium hydrogen carbonate, and is not on the alkaline 


side of the optimal hydrogen ion concentration for the frog’s heart. 


The so-called “ neutral Ringer,” that is Ringer made up without the 
addition of any alkali, is in reality slightly on the acid side of 
absolute neutrality owing to the absorption of small amounts of CO, 
from the air: this solution is distinctly on the acid side of the 
optimal hydrogen ion concentration for the frog’s heart. If one 
starts with a Ringer's solution of lower hydrogen ion concentration 
than the optimal value I find that the addition of a little CO, to, 
_ the solution greatly improves it as a perfusion fluid for the frog’s heart, 

the effects being quite similar to those shown by Starling and: 
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n in mammalian heart. Thus Fig, 10 at the beginning of 
the tracing the frog’s heart was perfused with “neutral Ringer” the 
hydrogen ion concentration of which was very roughly 10, At the 
point marked, this solution was changed to one made alkaline with 
sodium carbonate (On: 10, The height of the systole was increased, 
the relaxation became imperféct and so the amplitude of the beats was 
greatly reduced. At the next mark a small addition of CO, to the 
fluid was made by mixing 95 cc. of the Ringer + sodium carbonate with 


Fig. 10. Described in text. 


5 cc, of the same solution saturated with CO,. The Cg of this mixture, 
as measured by the method of Sörensen, was 10. The increase in 
the amplitude of the beats (the result of more complete diastole) is 
marked: there was also an obvious increase in the output of the heart. 


i While this paper was in the press Prof. Starling called my attention to the fact 
that Géthlin (Skand. Archiv. xu.), who used a Ringer’s solution containing more alkali 
than usual, obtained improvement in the amplitude of the frog’s heart beat by treatment 
with CO,, Prof. Starling suggests that the optimal On for the contraction of the 
Cardiac muscle fibres may differ from the optimal Cy. for the output, and that the 
difference would vary with the diastolic pressure. This is extremely probable. The 
optimal On- for various processes is known to depend on other external conditions. 
Instances are found in the action of electrolytes on colloids, and Palitssch and 
Walbum (C. R. Lab. Carlsberg, rx. p. 200. 
for an enzyme action. 
2—2 
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Removal of the CO, led to the same condition as before. Fig. 11 is 


from another experiment. In the first piece of tracing Ringer with 
Na, CO, was perfused (Cy. 10-4), In the second portion, the addition 


of a small amount of CO, (w saturation) 


to the fluid had increased the Cy. to 
10-*, The third portion was taken after 
the removal of the CO,, the On- being 
again 10 There is no essential dif- 
ference between the behaviour of the 
warm and cold-blooded hearts with re- 
spect to the effects of CO,. The nature 
of the effect produced by the addition of | 
co, depends very greatly on the composi- — 
tion, and in particular on the hydrogen ve aa 
ion concentration, of the perfusion fluid 16. 11. Next. 
to which it is added. 

It is quite clear from these facts that 8 some conditions the 


increase in the general hydrogen ion concentration of the heart muscle 


which is produced by its repeated activity may be productive of increase 
in the amplitude of its movements. We have not before us at present, 
however, any evidence that the mere increase in the general hydrogen 
ion concentration of the fluid permeating the heart muscle as a whole 
increases the height of the systole’, Under the circumstances studied 


by Starling and Jerusalem, and in the experiments described in this 


paper, the effect has been a reduction in the degree of shortening 
attained as measured from complete relaxation, though at first an in- 
crease in the difference between the diastolic and systolic conditions. 
The staircase effect, in which the actual shortening of the muscle 
increases as the result of previous activity, cannot, then, be fairly 


attributed to a change in the general hydrogen ion concentration 


throughout the muscle. 

The considerations which led us to postulate the production in 
skeletal muscle of certain localised relatively high concentrations of 
lactic acid, as the culmination of the propagated excitatory dis- 
turbance, apply with equal force to heart muscle. 

I shalt now proceed to point out how this conception enables us to 
unify the phenomena of the Treppe and the summation of contractions 


A more complete analysis of the relations of the activity of heart muscle to hydrogen 


ion concentration will be attempted in a future communication. e pe 


Proc. Phys. Soc, May, 1912. This Journal, x1av, p. xxi.) 
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which under some conditions occurs in cardiac muscle, and to relate 
further experimental evidence which supports the idea. 

Bowditch (1871) observed that on artificial stimulation of the 
quiescent ventricle, a second stimulus falling not too soon nor yet too 
late after the first evoked a greater contraction. Over a certain time 
interval the second contraction was greater as the period elapsing 
between the first and second contraction was reduced. Fig. 12 is plotted 
from one of Bowditch’s experiments. Abscissw represent the intervals 
between the first and second contractions, ordinates represent the heights 
of the second contractions, The form of the curve should be noted 
in ‘detail. As the interval between first and second contractions is 
- diminished the height of the second response increases, at first very 
slowly and then more rapidly. But when the interval is reduced to 
about five seconds, further dimmution of the interval leads only to 
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Fig. 12. Plotted from an experiment of Bowditch. Description in text. 


diminution of the second response. This is due evidently to the 
intrusion of another factor—the refractory period. And there can be 
little doubt that the portion of the curve between ten seconds and five 
seconds is to some extent affected . the fact that the relative refractory 
period is not over. 
When the relative refractory e is short, the curve continues to 
ascend (reading it from right to left) with shorter time intervals. : 
In a number of experiments on the excised‘ hearts of elasmobranchs 
I have obtained results which exemplify this point very clearly. The 
animals used were Torpedo ocellata and Scyllium canicula, chiefly the 
former. A cannula was placed in the aorta: ligatures were tied round 
the roots of the great veins, around the sinus venosus, or between 


: 1 4 falller account of this work will be given in another paper. Only the results 
bearing directly on the subject of this paper are mentioned here. I would take this 
earliest opportunity of expressing my thanks to Prof. Dohra and his staff for their 
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auricle arid ventricle, aud the cavity. of the ‘heart was filled with a 


solution containing the necessary salts and urea (see Fühner 1908) or 


sometimes in the case of Torpedo with amniotic fluid from the pregnant | 


female. Arrangements were made for stimulating the ventricle with 
strong induction shocks: and in most experiments the exact moment 
of stimulation was signalled on the record by a spark passing from the 
metallic ‘pointer to the dram. The average temperature at the time 
when these experiments were made was about 25°C. The preparations 


beat with a regular and usually slow rhythm which originated us a wale 


in the auricle. 
It was found in a number of instances that i in these 3 an 


extra systole of the ventricle, whether provoked by an induction shock 


or by a premature auricular excitation, was of greater height than a 


systole occurring at the normal time, and that the height of the systole — 


was greater the shorter the interval elapsing between it and the previous 


systole. This held good very often for intervals much shorter than 


Fig. 18. Torpedo A. Anricle-ventricle preparation. Record of ventricle. Second 
line of tracing taken 10 seconds after the upper line. Time marking in the middle 


in seconds. The preparation was teating spontanconsly : 
stimulation by induction shocks. 


those found by Bowditch for the frog’s ventricle. It thus happened 


that a well-marked summation of contractions appeared very often. 
The height of the second response steadily increased as the interval 
between it and the first response diminished: there was no abrupt 
change in the height of the second response when it occurred before 


the completion of the first response, An example is given in Fig, 13. 
Cushny has observed similar summation of contractions in the excised 
mammalian ventricle, particularly when the heart muscle had been 


excised for some time. My experience with these elasmobranch hearts 


entirely coincides with Cushny’s. The summation effect was rarely _ 
den except in hearts that had been removed from the body for some 
time: in several cases it became much more marked after several hours. 


It was noticeable that in the preparations where the effect was best 
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marked, the refractory period was shorter than usual. In particular I 
observed that in a heart which at first failed to show any signs of an 
increased second response, the refractory period was long as compared 
with the refractory period in the same heart an hour and a half later, 
when the phenomena of increased second response and summation of 
contractions were well developed. In many of my experiments a 
stimulus arriving before the completion of systole produced a response. 
This shortness of the refractory period may, I think, be in some degree 
related to the rather high temperature at which the experiments were 
made. Marey (1885) found that the length of the refractory period 
was decreased with rise of temperature. But there was certainly in 
addition some progressive change in the heart muscle during the course 
of an experiment such as that to which I have referred, a change the 
relation of which to external conditions awaits’ more exact definition. 
The fact that the summation phenomena in the heart make their 
appearance most clearly when the state of nutrition of the heart muscle 
cannot be regarded as particularly good must inevitably arouse a suspicion 
as to the reality of the result. May it not be that we have to do merely 
with a summation of subliminal stimuli in some part of the ventricular 
musele which has reached a condition of impaired excitability such 
that a single induction shock, or a single excitatory disturbance in 
neighbouring portions of the muscle, is unable to arouse it to contraction, 
but only so to improve its excitability that a subsequent stimulus 
can discharge it? Such an explanation is ruled out by the following 
considerations: Io the first place, the height of the spontaneous 
contractions when the heart is in the condition under discussion is not 
necessarily any less than that of the contractions of the freshly excised 
heart. Secondly, it appears that the whole of the musculature of the 
ventricle is affected by tlie refractory period which follows the first 
or spontaneous excitation. This is attested by such experiments as 
that from which Fig. 14 is taken. This figure shows the effect of 
throwing strong induction ‘shoeks into a ventricle at different intervals 
after the occurrence of an auricular excitation. . The curves are arranged 
to show the effects of throwing in the artificial stimulus later and later 
after a natural excitation: they are not all in the order in which they 
were taken, but the whole series of tracings was obtained in the course 
of a few minutes. At first there are seen five spontaneous beats, no 
shock was sent in. In the next six contractions, a shock was thrown 
in, during the latent period or during the earlier part of systole, without 
producing any modification of the beat. The whole muscle apparently 
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aligned. Bes text. 


filled with Fühner's solution 


The exact moment of 


signal was merely 
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primary circuit of the stimulating coil, and hot accurately 


e tracing represents 1/5 seconds.. 
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Fig. 14. Torpedo .ocellata.  Auricle- 
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was completely refractory. The next stimulus produced a small second 
response: the limit of the absolute refractory period had now been 
reached. As the stimulus is thrown in later and later in systole the 

second response comes to reach the same height as the first, and shortly 
greatly exceeds’ it. Afterwards we see the effect which has already 
been illustrated—as the interval between the two excitations is increased, 
the magnitude of the second response is diminished, until, as in the 
last tracing, an artificial stimulus, arriving only just before a natural 
stimulus was due, provokes a response only just greater than the first 
response. If the summation were simply a summation of stimuli 

which taken singly were subliminal for some part of the musculature, 
we should expect summation irrespective of the refractory period of 
that part of the musculature which was in a condition to respond to 
a single stimulus. The only possible objection to this position would be 
raised by the assumption that the particular portion of the musculature 
_ incapable of responding to a single stimulus was inaccessible altogether 
to the direct action of induction shocks and could be excited only by 
the repeated excitation of neighbouring portions of the myocardium. 
We have no evidence for such an assumption: the size of the extra 
response of the ventricle was unaffected by altering the point to which 
the artificial stimuli were applied, and was the same if the extra 
excitation came over from the auricle. The simpler interpretation is 
to be preferred; that the whole musculature is concerned in the first 
contraction, but that when a second successful excitation occurs at a 
suitable time interval after the first, further shortening is possible. 
This does not conflict with the “all or none” principle any more than 


does the fact that the contractions of the muscle may be greatly , 


augmented on stimulation of its sympathetic nerve supply. It merely 
serves to emphasise once more the fundamental similarity in the 
behaviour of the skeletal and the cardiac muscle fibre. In both, the 
greatest possible shortening of the contractile apparatus cannot as a 
rule be developed as the result of a single excitation; in both the 
response to a single induction shock is independent of the strength of 

that stimulus provided it is effective. In both, if a second excitation 
arrives sufficiently soon after the first, yet after recovery from the 
refructory phase, the effects of the second excitation may summate 
with those of the first to cause a more complete shortening of the 
contractile apparatus. Such summation is always elicitable from 
skeletal muscle; in cardiac muscle it is eee — by 110 


length of the phase. 
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«SUMMARY OF CHIEF CoNcLUSIONS. 
pe tension developed by a skeletal muscle fibre when tetanised is 
greater than the maximum tension developed in response to a single 


induction shock or in response to the nerve impulse excited by a single 


induction shock. The difference ordinarily observed in the degree of 
shortening i in the single twitch and in tetanus is not due. merely to a 
difference in duration of the period of tension. 

here are reasons for thinking that the liberation of acid in the 


muscle as a result of excitation precedes the act of shortening and 
possibly causes it. It is necessary to draw a distinction between the 


effects of the acid in the regions where it is liberated in the muscle 
fibre and its effects when it has become diffused through the muscle 


so as to affect the general reaction of the tissue environment. There 


exists an optimal hydrogen ion concentration for the chemical environ- 


ment of a tissue, the value of which varies for different tissues and is 


affected by other constituents of the liquid. The effects of addition of 


acid to the immediate surroundings of a tissue will depend on whether 
such addition of acid brings the hydrogen ion concentration of the 


surroundings towards, or removes it from, the optimal value. This is 


well illustrated by the effects of carbonic acid on the heart. If the 
heart either of warm or of cold-blooded animals is perfused with a 
solution whose reaction lies on the alkaline side of the optimal hydrogen 


ion concentration, the effect of addition of carbon dioxide is to increase 
the amplitude of the beat and the output of the heart. Larger con- 


centrations will reduce the output, while if the initial perfusion fluid 
possesses the optimal hydrogen ion concentration, or is on the acid side 


of it, even the smallest addition of carbonic acid will be detrimental to 
the activity of the heart. Changes in the hydrogen ion concentration 
of the liquid permeating a muscle may produce in the muscle changes 
of excitability, of contractility and of tone. The contraction of a muscle 
in response to u stimulus, such as an electric shock, is not due to a 
generalised alteration in the hydrogen ion concentration of the muscle: 
it may possibly be the result of the localised production of acid in the 
muscle. When a second excitation can be produced before the first 
localised concentration of acid has had time to diffuse away, the result 


may be summation of these localised concentrations and so a greater 
effect on the contractile mechanism. Such an effect may occur at a 


time when the * hydrogen ion * of the musele is sueh 
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that further increase tends only to diminish the power of response of 

In heart muscle, the production of a second excitation in time for 
summation to occur is as a rule prevented by the very long refractory 
phase in this tissue. When the refractory phase becomes reduced, as in 
certain conditions of malnutrition, summation of the effects of pro- 
pagated excitatory disturbances becomes possible, and, just as in skeletal 
muscle, the degree of shortening provoked by a series of stimuli is much 
greater than that elicited by a stimulus. 
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THE ENERGY DEGRADED IN THE RECOVERY 
PROCESSES OF STIMULATED MUSCLES. By A 


v. HILL, Fellow of Trinity College, Cambridge. 
(From the Physiological Laboratory, Cambridge.) 


In a previous paper’ I gave evidence to show that the heat produced by 
an excited muscle may be liberated considerably after the mechanical 
processes of contraction are complete. As this fact seemed to be a 
critical experiment in the development of the theory of muscular con- 


traction, I felt it was necessary to confirm it more fully and, supposing — 


this were possible, to ascertain more about the nature and degree of this 


delayed heat production. The difficulties of the research are by no 
means inconsiderable, and the Blix thermo-galvanometer which 1 
originally used is not particularly well-designed for overcoming them. 
This apparatus, even in the modified form which I used in the later 


experiments, is relatively insensitive, its magnet system is large and has 
a very slow undamped oscillation, the form of the thermopile is fixed 
and suited only to one particular type of muscle*, and there is 


no means of calibrating it in terms of absolute units of temperature. 
It seemed essential, therefore, to construct an entirely new apparatus, 
on completely different lines, both for these and for other experiments. 
In this connection I can hardly overestimate the debt of gratitude I owe 


both to Prof. Biirker, and to Prof. Paschen, of the University of 


Tübingen: to Prof. Biirker for his kindness in allowing me to see and 


use his admirably designed apparatus, for the thermo-electric investiga- 
tion of the heat production of muscles: to Prof. Paschen for giving me 


much information about galvanometers, and for allowing me to have a 


galvanometer of his own, with which I have carried out, and 


without which I could scarcely have completed, the following in- 


vestigation. 


1 This Journal, XA. p. 8. 1911. 


2 The sartorius or semi-membranosus : this practically prevented ony expeiments in 
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HEAT LIBERATION IN MUSCLE. 20 


A good résumé of all the methods by which continental workers 
have sought by thermo; electric experiments to investigate the energy 
degraded in muscular activity has been given by Biirker’, so that it is 
scarcely necessary for me to do more than refer to his methods, and to 
a paper by Frank“ on the thermo-dynamics of muscle: with this latter 
although it is generally sound and stimulating, I must venture to 
disagree in one or two essential particulars. Burk er is the first among 
physiologists. who has had the extreme sensitivity of the modern 
galvanometer completely at his disposal: he uses a Paschen galvano- 
meter, of 10 ohms. resistance, in which one mm. on the scale can be, if 
necessary, made equal to about 5 x 10-" amps. When one remembers 
the difficulties by which Blix, Fick, Heidenhain and other workers 
were beset, whenever they tried to obtain anything like a reasonable 
sensitivity, and when one considers the disturbances to which their 
galvanometers were liable, one can only wonder at the patience with 
which such admirable researches were carried out. In the first place 
therefore one must remember that the extreme sensitivity of Biirker’s 
apparatus, and of that described below, with either of which a rise 
of 10-*° C. in a muscle can be detected, is due very largely to the 
development of the galvanometer: the high sensitivity available has 
rendered fertile again a field of work which in Fick’s days seemed 
barren by reason of the poorness of the methods. : 
In the next place Biirker has been fortunate in being in contact 
with a school of physics in which much work has been done on the 
energy in the red end of the spectrum. Such work requires extremely 
delicate and sensitive thermopiles, and Biirker has adapted these and 
the methods of making them to myothermic experiments. With 
practice it is possible for an amateur to make a thermopile of 60 pairs 
ol junctions for use with a single sartorius of Rana temporaria, and this 
thermopile is withal so light that its heat-capacity is small in comparison 
with that of the muscle. The introduction of constantan and iron wires, 
very finely drawn (to O1 mm.), for making these thermopiles, has proved 


an enormous advance on the old bismuth-antimony combination: their 


lightness has made it possible for them to move with the muscle, instead 
of allowing the latter to slip over them: and their fineness and delicacy 
coupled with their reliability—has allowed one to follow with a hig! 
degree of accuracy the time relations of the temperature changes in a 
muscle with which they are lightly in contact. So much then for the 


1 Bürker.  Tigerstedt’s Hab. d. physiol. Methodik. n. 8, p. 1. Leipsig, 1008. 
3 Ergebnisse d. Physiol, ut, 2, 1904. 5 
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two main essentials. Judging from Blix 81 last paper is salah be 


imagined that. the other subsidiary conditions of success with these 
experiments dre 80 difficult to satisfy as to render the subject hopelessly — 


complex and involved. This is quite untrue, and experience has shown 
me that Blix’s papers are so pessimistic as to the possibilities of the 
thermo-electric method that a considerable amount of scepticism must 


be exereised in their perusal. Again, from Btirker’s* papers, one 


might imagine that such care must be taken in guarding against errors, 
that the method becomes extremely tedious and difficult ; neither is this 


the case: experience again has shown that many of Bitrker’s precautions 


are quite unnecessary, such eg. as his double-walled water-chamber 
surrounding the muscle. The experiments are relatively simple to 


5 1 out, and the precautions roughly come under about four heads. 


A. The muscle chamber must be air-tight, and the air in it 
saturated with moisture before the experiment begins. It must be 
made solid; of good non-heat-conducting material, in order that con- 


_ duction from the outside may not cause sudden and large errors. In 


order that temperature equalisation may have taken place, and no large 
amount of creep of the galvanometer may occur, it is advisable to wait 
for 30 mins, or an hour after putting the muscle in, and before r 
the actual readings. 

B. In all experiments it is advisable; and in ‘aie as are made 
shortly after putting the muscle in the chamber essential, that the 
muscle be not allowed appreciably to shorten when excited. It i 
by waiting for an hour to ensure that the spot of light from the 


galvanometer is appreciably steady: it is quite impossible, however, to 
ensure that this steady state is not due to a steady flow of heat in 


- certain directions along the muscle, thermopile, and chamber. If this 


is 80, and there is very good evidence to suppose it sometimes is, then 
when a ‘muscle shortens, a cooler or a warmer part moves over on to the 


_ junctions, and errors arise. Such errors have ruined many experiments, 
and with the present thermopiles; although they cannot be so consider- 
able in extent, may lead to very confusing and unreliable observations, 
It is impossible to ensure that piece of tissue as big as a muscle should 
have a uniform temperature all over to within 10 C.: and if not it is 


best, on exciting it, whenever possible to it by tts 


asian 
f Phyciot, xu. h. 62. 1902. 


2 Bürker. Pfliiger’s Arch. uxxx. p. 588. 1900. 


1901. om. p. 217. 1905. W 1907. 
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. The thermopile must be insulated with a film of sbellac, or 
celluloid varnish, to prevent (a) short-circuiting of the thermo - electric 
eurrent, () injury to the muscle from the constantan and iron, (o) the 
“action currents” from affecting the galvanometer, and (d) (in direct 

stimulation) the exciting currents from affecting the galvanometer’. 
D. The terminals, shunts, circuits, resistances, etc. must be entirely 

copper: otherwise, in manipulating them, thermo-E. will be set 
up, and will cause large and troublesome errors. 

Except, therefore, for making the thermopiles, and securing a N 
suitable sensitive galvanometer, the difficulties attendant on these 
experiments are comparatively small: and I feel it is necessary to 
emphasise this fact, because the papers of Blix, and to some extent 
of Bürker, leave the beginner with the idea that the method is 
— tedious, elaborate, and almost too difficult to permit the possibility of 

There is one main essential of the method described below, and used 
tosome extent in my earlier paper, which has not been employed before, 
and on which very much depends. This is the exact method of direct 
control based upon the idea of warming electrically the same muscle 
after death, for definite periods, on the same thermopile, and under the 
same conditions as affected it during life. The only other method of 
control available is the indirect one advocated by Frank, viz. the 
mathematical. In his paper Frank asserts that the design of the 
apparatus should be such that the rate of conduction of heat to the 
thermopiles, and all the problems concerned with the consequent motion 
of the galvanometer-magnets and currents should be so arranged as to 

admit of a mathematical solution. He considers at length the motion 
of a galvanometer under the action of a change of current in it—this of 
course is the ordinary damped oscillation—and concludes that the 
magnet system must have as stall a moment of inertia as possible 
about the line of support, that the magnetic moment of the system must 
be as large as possible, and the damping such as to render it just 
aperiodic. Now these facts, of which the first two are considered in the 
“figure of merit given by the makers for their galvanometers, simply 

mean that the galvanometer must be as sensitive as possible“, and just | 


"current, hy.virtne of being. an, elestrolytio detector ”: thus, even on tetenising, ifthe 
is bare, direct currents will go through the thermopile and galvanometer, 

For the more sensitive galvanometer oan be made, the quicker will swing 
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22 
completely damped. Any sensitive Thompson, or better, a sensitive 


Broca, or best of all an iron shielded Paschen, will satisfy these : 


conditions. It is a pity, however, that Frank did not attempt, as 
I have done, to work out mathematically the relations between both 
(a) the rate at which, and (b) the period during which, heat is liberated 
in the muscle, and the consequent motion of the spot of light of the 
galvanometer, taking into account (a) conduction of the heat to the 
thermopile, (b) conduction of the heat away along the thermopile to the 
other junctions, (o) physical cooling of the muscle to the air etc. around, 
(d) self-induction of the galvanometer, (e) motion of the galvanometer 
magnets, If he had, I feel confident that he would have found, as I have 
done, that a mathematical deduction of the course of the actual heat. 
liberation of the muscle from the motion of the spot of light is exceedingly 
complex, and practically impossible: and would have urged physiologists 
rather to invent a satisfactory method of direct control than to attempt 
mathematical problems which are exceedingly difficult and which can be 
solved only in faint approximations to the truth. 
The method of direct control has several advantages: it * Se 
(a) rate of conduction to, and heat capacity of, the thermopiles, _. 
| (b) rate of response, self-induction, and degree of damping of ~ 
5 and | | 
(o) peculiarities such as mass, form, conductivity and specific heat | 
of the muscle itself. 
For, obviously, all these three factors are the same in the dead as in 
the live muscle. We have moreover the advantage that by estimating 
the current used to warm the dead muscle, and the resistance of the. 
muscle, we have a direct and simple method of turning galvanometer 
- deflections with a given thermopile and muscle direct into calories, 


and 80 of making absolute estimates both of the energy liberated 
by the muscle and of the latter's efficiency. It is only this method of 


direct control, the comparison of the course of the galvanometer 
deflection when the muscle warms itself with the course of the 
deflection when the muscle is warmed physically for definite known 
periods, which has made it possible to show that a very large pro- 
portion of the heat is liberated long after the mechanical response is 


Over. 


points have been urged: (a) that the resistance- thermometer method 
might be adopted, and (b) that in order to secure rapid movements wad 
Einthoven Galvanometer should be used, ä 


Finally, i in connection with the general description of method two . 
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With regard to the first suggestion, which has often been made te 

| me, I have little to say, as I have never had any experience with the 
resistance thermometer. According to Btirker', however, those who _ 

have worked with it have never found it satisfactory. 

With regard however to the second suggestion, it should 9 3 
in mind that the string galvanometer exhibits rapid movements only 
when it is relatively insensitive, and that in order to obtain a sensitivity 
sufficient to allow us to estimate 10% C. with 1 mm. deflection, using 
40 thermo-junctions of total resistance 10 ohms and a I 
of e the same resistance, we should have 
10-* x 40 = 52 x 10-* 


= empe. =10-* ampe. 


The highest sensitivity given, by the Cambridge Scientific 8 
ment Co, for an 8˙2 ohm thread, and period 8 sec, is 1 mm. = 2°8.x 10-* 
amps, This is only n of what it is necessary to attain, and seeing that 
I mearly always find it necessary to use a sensitivity of at least 


Imm. =7 x 10 amps. (which my Paschen galvanometer can give 
with a period of only 1°5 sec, to reach 97 °/, of its correct value in a 


completely damped movement), I can see no great advantage in adopting 


donsiderable parts of the alternating currents used to warm the muscle 


may occasionally short-circuit through the galvanometer : alternating 
currents of course can cause no deflection, but they may well injure, — 
if not fuse, the very fine silver or aluminium thread. No doubt the 

 galvanometer would give results for most of the experiments, but it is 
_ doubtful whether, with the fibre slack, it would give readings much more 
rapidly than the Paschen galvanometer, and it certainly could never, as 
is necessary in dealing with single muscle twitches, give a sensitivity 
sufficient to allow us to read 2x 10 C., or 2x 10 amps, as is 
possible with a Broca or a Paschen. Extreme rapidity of movement is 
moreover not necessary, because the conduction of heat to the thermopile 
takes some time, and therefore the rise of the thermo-electric current 
to be measured is by no means immediate, Ifa mathematical analysis 

were to be attempted of the galvanometer tracing, possibly the some- 
what more rapid response of the Einthoven would be better: but, 
seeing that the method of direct control, by warming the same muscle 
after death, in adopted, there is no ee 


3 Tigeretedt’s Hab. loc. cit. pp. 26, 27. 


With a silver or aluminium string: to use quarts of 6000 
cut down the current from #10 chm thermopile too considerably. | 
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- movement; taking the time of conduction into account, even infinite 
quickness’ of response would only increase slightly the accuracy with 
which the galvanometer follows the actual rise of temperature in the 
muscle, and the use of a string gdlvenometer would render 
* sensitive more 


The I have used has been 
and on rather an elaborate scale in order to make it useful for as many 
purposes as possible, It is easy with it to make four simultaneous 
experiments on skeletal muscles: or to make two experiments in 
nitrogen, and two in oxygen: or to subject two muscles to chloroform © 
or to some other vapour, while leaving the other two unaffected : or to ex- 
periment either with a whole reflex frog, or the heart of a tortoise, the 
tortoise lying in the chamber meanwhile: while in all these experiments 
the heat evolved, the mechanical changes produced, and if necessary the 
action currents set up, can be simultaneously recorded. The muscles 
as in Bürker's chamber can be stimulated directly or indirectly, and 
there is room for non-polarisable — e for stimulation 2 
ſor recording the action currents. 

In the construction of the moist 8 once its dimensions - 
design had been fixed, the following consideration was allowed full play. 
Every undesirable transport of heat, into, out of, or along the chamber, 

must be slowed oravoided. Therefore no good-conducting pieee of metal, 
necessary inside the chamber, must be in direct communication with 
the outside air: but must be separated therefrom by good heat 
insulators. Further, the chamber itself must be mostly of a bad heat 
conductor, in order (a) that the inevitable differences of temperature at 


different points of it may cause only a slow and small transport of heat. 


and (6) that when the manipulator approaches and touches the outside 
of the chamber with warm hands, no large disturbances of temperature 
may arise in the chamber and so cause 1 unaccountable marae 
of the galvanometer“. 

The bottom of the chamber is of ebonite into which various 
terminals, vertical rods, ivory wire-holders, etc. are screwed. See 
Fig. 1. The ebonite floor O rests upon a solid wooden base D (still 
further to prevent the i incoming or outgoing of heat), which is screwed 
to a steel rod E, which is held at any desired height in a screw clamp, 
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which is fixed to the table. Around the outside of the 'ebonite floor 
there is a wide groove to hold a thick oblong raised ebonite wall: By and 
completely round the top of this wall is a harrower groove X into which 
fite a rectangular glass cover. Bürker, owing to the fact’ that sunlight 
bas occasionally fallen on his chamber and not unnaturally caused 
_ considerable errors, strongly emphasises the advantages he has gained 
from using a double-walled glass cover filled with concentrated ferrous 
sulphate solution. No doubt this does prevent the radiation of the 
infra-red ‘heat rays into the chamber: but, working as 1 have done, in 
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Fig. 1. The moist chamber for i kene experiments, 4, 4 vertical brass rode, 
10 ems. high. B, B, B, B ebonite walls of chamber containing X, X, T, X grooves 
do bold cover.’ O, C, O, 0, O ebonite floor. D; D, D wooden base. E vertical steel 
‘support, V, F, F. F ivory screw pieces to hold wires K, K, K, K to stimulating 
doll, or to capillary electrometer. G, G, G, G copper screw terminals, to connect to 
- thermopiles. EH, H holes in floor to allow registratiou of mechanical changes in the 
wussie. MM, M, M wires to connect screw terminals G to switch ‘and resistance-box 
and galwanometer. P horizontal rod movable on vertical rods (only one shown, six 
detually available for use). E holes in floor to lat in or opt either gas, galt solution — 
br wires: closed with plugs below. T. T groove dividing chamber into two parte. 
a cellar, and (except when it is necessary in order to observe the 
muscle) covering up the whole chamber with dusters, I have found no. 
serious disturbances which can be credited in any way to radiation from 
outside. A glass cover, of walls 0°65 cm. in diameter, is simply obtained, 
whereas Bürker's double-walled glass cover is costly to make, and easily 
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broken, especially if used in as large a size as. would be necessary to 


cover my chamber. Into the grooves in the ebonite and the wall water 
is poured, before the wall and the cover are placed in position: this is 
in order to make the chamber completely air-tight. Across the middle 
of the chamber is another groove F, into which fits a glass wall, which 
can be fixed with plasticine into the glass cover in order to divide 


the chamber into two separate. airtight parts. At each end al ‘the 8 


chamber are 


(a) 


‘ing and connected by an insulated copper wire M to the switch and 
resistance box, and thence to the galvanometer. 


(b) Three vertical brass rods A, some 10 cms. high, on which to fix 


the muscle holder, electrodes, thermopiles and any apparatus it is 
necessary to hold in one. position. On these rods can be fixed other 
horizontal rods, e.g. P, holding clamps, pulleys etc. as may be desired. 


(e) Four ivory screw pieces F, to which, through the floor of the 


chamber, come four wires, which may be used either (a) for direct 
or indirect excitation, or (6) for carrying the action currents to a 


‘capillary electrometer. These pieces of ivory are screwed into the floor ö 
of the chamber, they are cylindrical i in shape, and have holes along their 


axes through which the wires run: the wires are held fixeg in them by 
brass screws. Their object is to hold and insulate these wires, so that 


(a) no stray currents in the chamber—whose floor during an experiment 


is usually wet with Ringer—shall be recorded in the electrometer, and 
so that (b) the stimulating currents shall not short-circuit along the 


floor and rods, and either stimulate the wrong muscles or else 8 ee 


the galvanometer. 

(d) A certain number of holes R, of about 0°6 em. diameter, let 
in or out either gas, salt solution, or wires. These holes are closed by 
plugs fitting beneath. 


The terminals G (Fig. 1) to which the galvanometer is attached a ) 
the wires M are of copper, and not of brass, in order to prevent thermo- 
A. M. F. 8s from being set up at either terminal by a difference in — 


ture between the two junctions of the brass-copper couple so formed. 


With coer on, a daring an experiment, ind length 39 cma, brvdth 19 
height 15 ems, 


of ebonite floor C, 1°6 cm. 
Depth of ebonite wall B, 1-8cm.: 
| 
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The wires K, K, K, K.. on leaving the chamber run closely wound 
together (in order to prevent induction effects of the stimulating circuit 
on the thermopile-galvanometer-circuit) to a paraffin-wax switch, and 
thence, either to the coil or to the electrometer. The switch is simply 
worked by means of pools of mercury and pieces of copper wire joining 
any desired pools. To the ends of the wires K inside the chamber 
may be attached either (a) tinned iron wires for direct excitation, or 
platinum electrodes for nerve-excitation, or (o) non-polarisable 
electrodes for exciting the muscle or recording its action current. 
The wires M. M, M, M ron from the copper screw terminals G to the 
switch and resistance box. By means of this switch we may connect 
with the galvanometer either 

(A) any pair of the terminals G, i.e. any one of the four Werten 8 

inside the chamber, 
br (B) a calibration battery giving a known current, in order to test 
at any desired moment during an experiment the sensitivity of the 
galvanometer ; 

(O) and since the differential micro-calorimeter* is used with the 
dame galvanometer, the switch is used to throw the thermoconples for 
this also into the galvanometer circuit. 

Attached to the switch is a series of resistances from 5 to 155 ohms, 
which are usually shunted but which may be thrown into the galvano- 
meter circuit when necessary: with these, either 
(la) we may lower the current“ through the galvanometer without 

changing the sensitivity of the latter and its rapidity of movement, 

or (b) by a series of observations with different known resistances 
and a small constant EM. r. we may find the resistance of any e ee 
cirouit of which the galvanometer is part. ) 

These resistances are usually short-circuited, and only ee 


in order to reduce the movement are they put into the circuit. 


Now since the switch and also the shunts for these resistances have 
to be manipulated by hand not only before but often during an experi- 
ment, it is essential that no thermo-electric effects should possibly be 
set up by warming the several parts of the instrument, Biirker has an 
elaborate apparatus to ensure this, in which not only's are all the moving 


ges A, V. Hill. This Journal, xum. p. 261, 1911, 

Were it not for the fact that changing the sensitivity changes the period of a 
galyanometer, and therewith all the time relations of its movement, it would be better 
instead of putting in a resistance to lower its sensitivity by moving the control magnet. 
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parte made of one metal, viz. copper, but also the whole is hidden away 
mn a large box insulated with cotton wool, and moved only by long 

bonite handles. This makes his apparatus more complicated and less 
tiaefdl than mine, for where his has two switches and two resistances, 
mine has six switches and six resistances, and may in addition be 
‘manipulated by hand. Btirker in fact has been over-cautious in his 
switches and resistances: provided that the complete instrument is of 
copper, L have never observed the least disturbance on touching it with 
warm hands not even to the extent of 1 mm. when the sensitivity was 
with that this represented about amps. The switch and resistance 
box I use is of copper throughout, all the connections and shunts being 
by means of copper screws which screw down, each one, on to two copper 


x 
+4 


Fig. 2. The electrical connections of the system. T. T, T. 7... copper plates connected 
together by copper screws when desired, 4 switch to throw differential micro. 
calorimeter thermopile into the galvanometer:cireuit. (This is in no way connected 
used) C, F, B and E switches to throw the thermopiles attached to the several 
copper terminals inside the moist chamber into the galvanometer cironit. Gand H 
pairs of wires to these copper terminals. D switch to throw calibration current into 
de galvanometér circuit, whereby to test the sensitivity of the galvanomieter.’ P the 
galvanometer. M the calibration battery of about 1-4 volts, L mercury commutator. 
i resistanoe of 100 to 1000 ohms. §, resistance of 1:15 ohms. 2, resistance.of 1000 
d 10,000 ohms. 87 resistance of 1°15 ohms. With 10,000 ohms in R, and 1000 in R, 
macs, between the terminals of 5, is therefore 1-4 x (1°15)? x 10-7 volts, and the 
resistanes of the oirouit containing D, and the galvanometer being 12:5 ohms 
current is 148 10-6 amps. By Varying the resistances in Ri and B, any desired 


4 


3 current ‘can be passed in the galvanometer. 


* 


Biker: Tigerstedt’s Hab. loc. cit. 5. 2, ff 11. 
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plates; rn screws are in point of fact not completely of copper,. owing 
to the difficulty of turning copper, but are of brass with copper plates 
on their lower ends by which they make contact with their two corre- 
sponding pieces of copper. They move up and down on brass screws 
between the plates. The general scheme of connections is shown in 
Fig. 2. Experience has shown that this apparatus need not be heat- 

as Bürker's is, and that making the circuit completely of 
copper gives complete immunity from thermo-electric disturbances in it. 
The same is true of the galvanometer leads: Bürker advocates special 
and specially insulated wire, insulated from the wall by ebonite blocks. 


I have used ordinary flexible wire tied to nails with string This is 


completely satisfactory. The copper used in the ordinary wires available, 
and in the plates of the switch, seems to be absolutely pure enough 
to prevent thermo-electric currents between two parts at different 
temperatures. It is necessary, as Bürker bas emphasised, to run all 
wires of the same circuit close together in pairs: otherwise movements 
of magnets, or changes of current in the stimulating or other circuits, 
may cause induction effects and unnecessary disturbances. With this 
precaution however and a complete copper — no trouble need be 
expected outside the moist chamber itself. 

Now, with regard to the galvanometer, it is necessary in the first 
place to emphasise that in order to secure high sensitivity we must use 
a low- resistance instrument. The thermopiles employed always have a 
resistance of from 3 to 12 ohms: the ampere - sensitivity of a properly 
constructed galvanometer is roughly proportional to the } power of its 
resistance, and from this it can be mathematically deduced that with a 
given EMF. (i.. a given difference of temperature) and a given thermo- 
pile resistance, the best results are obtained by using a galvanometer of 
about the same resistance as the thermopile, viz. 3 to 12 ohms. I have 
used both a Paschen iron-shielded mirror-galvanometer of about 10 ohms | 
resistance, and also a Broca astatic galvanometer of the same resistance. 
For observation of very small rises of temperature, as in isolated beats of 


ee the tortoise’s heart, or in some single twitches of skeletal muscles, the latter 


is the better, owing to the absence of creep’: but indeed there is very 
little to choose between them. In order to prevent magnetic disturbances 
t its highest sensitivity the Paschen galvanometer is difficult to manage because of 


the creeping movements carried out by the magnet system. Prof. Paschen vrites m 
thai this is dus to winding the coils on a steel lathe, minute traces of steel being left in 


the coil, which fragments show hysteresis changes when the current in the voll is altered. 
‘Were it 
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the Broea has been surrounded with two soft-iron cylinders, and 8 
to prevent disturbances due to shaking, it is placed on a stone table in 
1 cellar. It can, when in a sensitive condition, have its movements 
completely damped by two brass plates pushed close up to an air-vane 
attached to the magnet system, and in all the experiments hitherto 
made it has been used in this condition. Beside it, on the stone table 
(so that either galvanometer can be used as desired), is the Paschen iron- 
_ shielded galvanometer. This remarkable little instrument, the principle 
of whose construction is the extreme lightness of its magnets and mirror, 
is enclosed in an iron cylinder, and is rendered thereby highly insensitive 
to magnetic disturbances, and to changes in the intensity of the earth’s 
magnetic field. The coil is wound progressively from the centre with 
increasingly thick wire, in order to secure higher sensitivity. The 
magnets are attached to the back of the mirror, and the whole mirror 
and magnet system (which latter is not astatic) weighs together about 
five milligrams. It is supported by an extremely fine quartz-fibre, about 
1 mm, long, which however is so strong that I brought the galvanometer 
in a bag from Tubingen to Cambridge without breaking the fibre. The 
whole system of magnets and circular mirror moves about a vertical 
axis in a minute plate-shaped chamber, which can be increased or 
decreased in depth by pushing backwards or forwards a copper plug 
which closes the rear of the chamber. The smaller this chamber is, the 
greater is the air-damping, and the closer the copper plug, the greater 
the electro-magnetic damping. By moving forward this plug therefore 
it is found possible to render the movements of the galvanometer 
practically completely damped at every sensitivity. This is extremely 
important, because a graphic record of the galvanometer movements is 
very much lessened in value if there are large mechanical oscillations o 7 
the magnet system superimposed on the curve. | 
The mirror is so good that it may be safely read to within 3 mm. at 
4 metres distance. Illumination is by a Nernst 28855 — readings are 

made on a ground glass scale, 


When 800 10-* amps, .e,1 s.d.=4-9 x 10-* ampe,, the period of cecillation, 
i.e. the time from when a current was thrown in to the moment when the maximum 
deflection was reached, was 1°45 sec. Although the copper plug was removed the magnets 
overshot their mark by only 1 or 2°/,, and there was only one extra mechanical oscillation : 
the damping was therefore very nearly complete. Now the period of oscillation is roughly 
proportional to the square root of the sensitivity, so that with 1 8. d. 2 * 10e amps. the 
time of oscillation should be about 7 secs. It is impossible to measure this directly, as even 
im the absence of the copper plug the mofion, at this sensitivity, is completely damped : 

but it is of interest to compare this number with the periods of other instruments. 
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When the instrument is completely damped, and 1 4. d. 4X 10-* ampe., the oscillation 
ia so rapid that 97 % of the movement is covered in about 2 secs. 


This rapidity of movement and the sbeence of oscillation render the galvanometer 


ideal for following the comparatively slow changes of R. u. 7. set up in the thermopile by 
virtue of the rise of temperature of the musele. 
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— 


thrown in are shown in Fig. 6. 


We must turn now finally to the most important of all the testers | 


rendering these very delicate experiments possible, viz. to the thermo- 
piles. Btirker’s' complete account of the various thermopiles which 


have been used in the past renders it unnecessary for me to do more 


* than refer to the extremely pretty, ingenious.and satisfactory instru- 
ments he has himself designed, in particular to his round thermopile 


(umfassende Säule) with which he estimates the heat liberated by a 
gastrocnemius stimulated by its nerve: and again I must express my 
gratitude to him for the kindness with which he instructed me in the 
method of making these thermopiles. Bürker, I feel, makes one 
mistake in practice with his thermopiles: he does not varnish them nor 
insulate them in any way. He believes this quickens their response to 
a rise of temperature in the muscle; of course it does to some extent, 
but the hindrance to conduction caused by 0°1 mm. of shellac must be 
so small as to be scarcely worth considering, and in comparison both 
with the various errors described above (p. 31) and also with the 


fact that the uninsulated iron is apt to rust and so to spoil the 


thermopile (not to mention injure the muscle) must be —? 
negligible. — 

All the thermopiles used in the following experiments were made in 
the laboratory with 0'1 mm. iron and constantan wire soldered together 


with silver solder. Two of them, the round thermopile and the straight 


_ thermopile,” are really modifications of Biirker’s “ umfassende Säule 


and “ Gittersiiule respectively. The“ double thermopile was suggested 


_ by my experience with the Blix thermo-galvanometer. 


In making them the solid parts have been cut or turned out from 


“ivoride” or ebonite. The wires have been sunk in their ebonite frames. 


in holes cut out with a fretsaw: and have been soldered together with 
silver-solder and borax. The main difficulty in the soldering isthe fact that 
iron as thin as O1 mm, burns in any reasonably hot flame : I have used 
therefore a large brass burner which could be held in the hand attached 
too s long rubber tube, with a minute gas flame at the end of it: the 
the heat 80 that 
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With ‘care the soldering canbe done without burnin ig the iron, Bu Ber 


uses an alcohol flame, and a brass plate to conduct the heat away from | 


it, but this I ‘have not found so convenient to hold or use. | 
One of the thermopiles used has, in a rather modified form’, already 

been described : in order to be able to refer to it 1 have named it the 

straight thermopile.” If the ‘thermopile shown in Fig. 1 of the article! 


referred to were taken, and the wires in the portion O flattened out o 
as to lie in the plane of the paper, we should have a thermopile 


* e 


fen stimulating. H hole in base of thermopile through wh ich strings pass to i the 


{ the gare, usually 41 to 81 have been Und. 


practically ‘identical with the one shown’ in Fig: of this papel, 


Fig. 8 the wires crossing from one side of the ivoridde to the other are 


drawn for clearness far apart, and only a few of them’ shown, In the 


actual thermopiles of this pattern the’ wires ate 80 close together that 


when shellaced they form a continuous thin plate, which lies comfbrtably 5 


V. Hill, Thi, Journal, xuam. p. 484. 1912 
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between a pair of sartorii. In a space of 1-5-cm, along the line AA it 
is possible to arrange about 40 junctions, so that with a pair of sattorii 
warming both sides of the junctions it is possible to obtain a very high 
senisitavity; and great ease of working. This type of thermopile, used 
with anything from 10 co 40 pairs of junctions, has proved exceédingly 
sensitive and reliable, and most of the experiments have been done with 
it. The cool junctions are embedded deep in the ivoride, and covered 


. spirally round ebonite ring, with one set of junctions inside and the other outside. 
I muscle. N nerve. B bone. E platinum electrodes to stimulate nerve, E., E, 
** tinned iron wires for direct excitation. A, A, A, A... external junctions of thermopile, 
~~" @mbedded in the ebonite. C, C, C. C...internal junctions of thermopilé free from the 
@bonite and in contact. with fhe muscle, Constantan marked Iron 
~~ phiarked < D junctions between the ends of the thermopile and the 
_, Usnally 40 to. 60 junctions have been used. 


with shellac. The advantage inte | 
discussed below, that it is thin, flat, and of almost ‘uniform cross-section. 
muscles ars held in a clamp, and stimulated together by currents 

coming along the tinned iron wires EE. By this means one has 
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practically one muscle with the thermopile inside it. The strings to 
the lower tendons pass through the hole H, and through the floor of the 
moist chamber to the tension-registering apparatus, or else are tied up 
to a fixed rod to prevent the muscle from shortening and 80 sliding 
over the junctions. The thermopile is held by a clamp to one of the 
vertical rods A (Fig. 1) and the wires G@ go to the copper screw 
terminals. One great virtue of this thermopile is the high degree of 
electric insulation conferred on it by a few coatings of shellac: this is 
not so true of the round thermopile (Fig. 4), in which the wires are 


Fig. 5. Double thermopile, each of a pair of sartorii being in contact with one set of 
junctions: sartorii stimulated separately. 4, 4 junctions in contact with front 
sartorius, B, B junctions in contact with rear sartorius. M front sartorius. H rear 
 gartorius. K bone at pelvis held by clamp D. G copper leads to galvanometer. 
B electrodes: only 2 out of 4 shown. Arrows show direction of current, Instead 
dk 6 junctions as shown in figure usually 24 to 80 have been used. 


further apart, and often have gaps between them: and it is not true at 
all of the double thermopile (Fig. 5), in which it is impossible to make 
the wires close enough together to form one continuous plate and so to 
hold the shellac—they will inevitably occur as individual wires and as 
such tend to lose their insulation 
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che round thermopile* (Fig. 4), although it is difficult. to make, and 
nothing like so easy to use as the straight thermopile, is essential. for 
experiments with the gastrocnemius, or with the heart of the frog or 
tortoise. It is not easy to make any muscle-nerve preparation in which 
the muscle would fit the straight thermopile, and as it is desirable to 
make, at any rate, a few observations on indirect excitation, the round. 
thermopile was designed for taking the gastrocnemius or the whole leg 
of a frog. It has proved in addition very useful for a pair of semi- 
membranosi or adductors, and especially useful for experiments on 
hearts, which I hope to describe in a later paper. Bürkers “ umfassende 
Säule has a hinge and two screw terminals, so that it can fit muscles 
of various sizes. Instead of this arrangement I have made several ring 
thermopiles of various sizes, from about 3 mm. to 20 mm. internal diameter. 
The smallest contains about 15, the largest about 50 pairs of junctions. 
The end wires are of fine copper. The ebonite rings on which these 
thermopiles are wound, are hollowed out inside, so that the wires cross 
the gap out of contact with the ebonite, and therefore take up quicker 
the temperature of the muscle. The inner, i.e. the warm junctions, are 
in contact with the muscle: the outer, the cold junctions, are embedded 
in the ebonite. Bürker has his cold junctions exposed, and during an 
experiment covers them with wet blotting paper: but there is no need: 


of this extra complication, and the wires are safer from damage, 


_ ghort-eircuiting and rust, when embedded in the ebonite. 

The third and least used* form of thermopile, which for the sake of 
reference I have named the “double thermopile, is shown in Fig. 5. 
With this thermopile each of a pair of sartorii, adductors, or semi- 
membranosi is used separately, and one of the pair of muscles is in 
contact with the one set of junctions, and the other with the other set. 
Either muscle can be stimulated separately, and the experiment is 
extremely easy and pleasant to perform: the thermopile will probably - 
prove very useful in all experiments where a control by electrical 
warming is not necessary, but for the purposes of this paper it is, by 
reason of its bad insulation, not satisfactory, and only two experiments 
performed with it have been given here. Except for this bad insulation 
The method adopted of showing that the a onan ar 


1 Also referred to as the ring-thermopile, 
| @ It is least used because owing to all the wires being separate, it is practically | 
partly rectified warming currents. See below, Exp. 8, Table VI. | ay Whee 
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in some eases does not, occur after the ‘contraction is-over is to compare | 
the curve of deflection of the galvanometer giving the rise of temperature 
when the muscle is stimulated, but not allowed to shorten; with the 
carve of deflection given when the musclé is warmed uniformly. ſor the 
same period. The best way of warming the muscle is by means of 
alternating currents passing through it: these currents of course stimulate 
it when alive, so that one has either to wait till the muscle is dead, or 
else to kill it with ‘chloroform. vapour, or other means. cesses are: 
_ several obvious advantages in this method of control: © 5 
The muscle is in exactly the same position both 
and also in the control experiment, is on the same thermopile, and is of 
the same thickness and the same length. This is of great importance, 
because the conduction of heat from muscle to thermopile and ‘thence 
away depends largely on the thickness, position and length of the 
muscle: and if these are not ee control experiment will 
not be a rigid test. | 

(6) The warming of the muscle can be carried out by direct 
“ tetanisation ” with the same coil as was used to stimulate it when alive. 
It is found that the warming currents must be very much stronger than 
those necessary to stimulate the live muscle: quite sufficient heat 
however ean be obtained by pushing up the ee ta or by 
increasing the current in the primary. 

(c) The-same electrodes, one at each extreme end of the -imasels, 
as were employed for exciting the live muscle, can be used lor con- 8 
— the warming currents into it when dead. 

There are two advantages in using alternating currents for e 
the muscle, rather than direct currents: (a) we avoid the use of non- 
polarisable electrodes: and (b) we avoid the conduction of the: direct: 
eurrent into an imperfectly insulated’ thermopile—this would ruin the 
experiment and probably break the suspension and magnet system of 
the galvanometer. Using alternating currents a certain amount of 
short-circuiting does not matter, as an equal amount of electricity is 

transferred in either direction and this cannot affect the galvanometer. | 
The period during which the. alternating: current passes through the 
muscle is determined: by the opening of two keys which are knocked: 
over by two arms ona revolving clockwork arrangement (Keith Lucas). 

The first key, when closed, short-circuits the secondary currents from 
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the coil, and when opened forces the secondary currents to pass. h 
the musele: the second key is in the 8 circuit, cue 
opened: the primary current no longer passes. During the period (which 
can be estimated to within 0:002 sec.) between the opening of the first 
key and the opening of the second, the secondary currents are passing 
through the muscle. Now it is sometimes found that the muscle acts to 
a certéin extent as a rectifier of these currents, whether by virtue of 
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Fig. 6. Course of. deflection of Paschen galvanometer when completely damped. Sensi- 

tivity, 1 s.d.=12x10-" amps. Curve made by observations with electromagnet, * 

dime marker and drum: © Exp. (a), @ Exp. (0). 
being what is known in wireless telegraphy as an “electrolytic! detector” 

or for some other cause. For this reason it is necessary to keep the 
thermopiles reasonably well insulated—to varnish them freshly every 
three or four experiments—otherwise the partly rectified current acts 
on the galvanometer by short-circuiting into the thermopile. 

* Bnequality of the electrodes, and the consequent greater polarisation at the smaller, 
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In case also the unequal distribution in time of the positive and 
negative induction currents should act in some way on the galvanometer— 
the secondary currents are not sinusoidal although alternating—two e. 
control experiments at least have been made with every muscle, with 
the primary currents in opposite directions. If these gave — 
results the experiment was neglected. | 8 

The movement of the galvanometer 8 is 8 in a 

graphical form in relation to the time by the following method. (Photo- 

graphing them has been avoided because (a) of the added complexity, 
(b) of the trouble and expense of making almost innumerable large 
tracings, and (c) of the difficulty of obtaining a beam of light sufficiently 
powerful to photograph at four metres when reflected from a mirror of 
only 4 or 5 mm. diameter.) Instead of this an electromagnet and 
a rotating drum are used, as also a time marker marking on the drum; 
the observer, as the spot moves along the scale, makes marks on the 
drum (by tapping the key in the electromagnet circuit), and records 
simultaneously on a piece of paper the position of the spot of light on 
the scale. By this means a graphical record can be made (with quite 
sufficient accuracy) of the relation between the deflection of the 
galvanometer magnets and the time. In fact the agreement between 
successive control curves is rather remarkable. A curve for the 
defiéction of the spot of light when a current was suddenly thrown into 
the galvanometer is given in Fig. 6. It was made by this method. 
Paschen galyanometer. Exp. 1. (a) and (b) 7˙8 * 107 amps. was suddenly thrown 
into the galvanometer, and the deflection traced with respect to the time by the electro- 


magnet, key and drum. Total deflection obtained 620 scale. divisions’. Sensitivity 
therefore is 1 8. d. 12 x 10- amps, Time in secs. 


Percentage of total deflection 0 74 90 97 
Time te that deflection .. 0 29 57 96 14 
0 


: 0 98 48 #76 108 164 ſ 

The first difficulty that arises. in u comparison of one curve of | 
ee with another, is that they are probably of very different sizes. 
It would be tedious and practically impossible to make a separate 
control curve with ‘exactly the same total maximum deflection as every 
experiment with the live muscle. When reduced however to the same 
scale different control curves should theoretically be of exactly the same 


shape, and expressed in percentages of total deflection, the readings 


Haber to be referred to as ad. 
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ooineident. Fortunately this theoretical fact is not invalidated by any 
unexpected disturbance: with a given muscle, on a given thermopile, 
and with a given sensitivity of the gal vanometer, the deflection reckoned 


as a percentage of the maximum deflection is simply and solely a 


_ function of the time. In Table I given below, and in Figa 7 and 8 are 


given results to show (a) how closely the control curves coincide, (b) how, 


veckoned as percentages of the total. deflection, the deflections are 


dependent only on the time, and not on the size of the maximum 


deflection. 


20 25 30 
Fig. 7. Graph of Exp. 1, Table I. © Exp. (a), @ Exp. (6), @ Exp. (e 
| i Notice that all three sets of points lie on the same curve. 


It should be noted that, since the main interest of the following 
investigation attaches to the heat-production in the later stages, some 
considerable time after the maximum deflection of the galvanometer has 
been obtained, it has not been necessary—except in a few experiments 
to trace the galvanometer deflection from its initial position up to its 


- maximum deflection: in general I have observed and recorded only the 
decline of the deflection, due to conduction and radiation away of the 
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1. To show coincidence of control experiments: 


round thermopile, 4°86 secs. warming. — Time in 


seos., from beginning of period of warming. 
Max. reading 475 8. d. 
0 106 21 4 7 9 100 
0 11 19 80 42 5&2 68 


84 14 


(65 Max. reading 498 d. Warming current reveryed in direction, 


% deflection 0 19 85 88 82 100 98 64 75 65 58 61 44 87 
0 14 44 62 9 10 164 u 
29 


(c) Max. reading 417 8. d. 


VVV „„ 
Time „ 0 16 28 40 51 68 118 142 167 198 24°6 27:2 


Results shown in Fig. 7. 


8 4 
10 118 188 


Exp. 2. ‘straight thermopile” of 40 
junctions. To show coincidence of control experiments. | 


(a) Max. reading 506 4. d. 


defection 68 100 89 6 58 89 80 
Time .. 21 60 46 29 8 50 61 


00 Max, reading 486 8. d. Warming current reversed in direction, 


% defection 100 98 62 72 68 41 31 
Time .. 66 11 176 28-7 832 48 60 


‘Results shown in Fig. 8. 


28 


percentages of maximum deflection the deflection is simply a function of the time, and not 
of the maximum deflection. Dead sartorii on long ‘‘straight thermopile of 40 junctions. 


=0°000018° 0. (calculated from number of sensitivity of galvanometer, 


and resistance). 2°28 secs. warming. 
(2) Max. deflection 810 s.d. 


deflection 100 88 66 67 57 48 43 B45 


98-5 


Ws 11 


Time 196 166 205 257 829 872 49-7 51˙1 597 698 89 


(6) Max. deflection 596 s.d. 


Times 80 198 165 22 278 
(c) Mai deflection S44na © 
% deflection 100 90 786 67 556 44 
Time 86 129 165 222 286 865 
eh Max. deflection 558 8. d. Warming current reversed. 
deflection 100 88 7 68 34 45° 
Time O68 14 108 244 292 84:2 


deflection 100 88 B75 48 


7 


80 1128 188 287 


417 


41-4 


36 
42. > 


te) Max. deflection 848 f. d. Warming current as in (d). 


‘defection 100 89 64 b 4 8 158 


58˙5 75˙5 


20˙5 135 
626 74 


52 «67-6 
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heat liberated in the muscle, from the maximum back to zero. ‘The 
second observation in most of the following experiments is therefore 
the maximum deflection, with the time required to reach it: and after 
that are various observations at various times after the Maximum, from 
which the curve of deflection can be plotted. | 

All readings are given as percentages of the maximum and 
maximum in ad. is also recorded in each experiment, . 


? 


Fe. a. Graphs of Exps. 2 and 8, Table L. 6 Exp. 2 (a), © Exp. 2 ö), © Exp. 8 (a), 


periment, each set of points lies on the same curve. 


From the figures showing these experiments and from very many 
other experiments made under most varying conditions, for which there 
is no space here, it is seen that the control curves can be made with 
very considerable accuracy, and that with a given thermopile, muscle, 
and sensitivity of the galvanometer the percentage reading is simply a 
function of the time. For in Exp. 3 not only do (6) and (d) coincide 
with one another and (c) and (e) coincide with one another, but (a), (6) 
and (o) made with total readings of 810, 596, and 344 coincide equally 
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well. All difficulty therefore on the score of comparison of curves of 
different size is eliminated by reducing all the curves to the same scale. 
1 is further seen in these experiments that the reversal of the direction 
of the primary of the warming current has no influence on the accuracy 
with which successive control curves agree: this is only 80 if ‘the 


insulation is pretty good, and is not so with the“ double thermopile,” — 
for which control experiments have therefore so far proved impossible. 


10 


Pig. 9. Three curves of deflection produced by warming a dead muscle on the long 


‘straight thermopile, in Exp. 1 for 1 sec.: in Exp. 2 for 4 secs.: in Exp. 8 for 
9 sees. 


The delayed heat-production investigated in this paper is chiefly 


that occurring for some minutes after contraction is over. The heat 
evolved also in the first few seconds seems to be delayed in part, 


though not to a very large extent. An exact investigation of the heat- 5 
production in the early stages of contraction is exceedingly difficult if we 


use the skeletal muscle of the frog, by virtue of the rapidity with which 
these stages follow one another, and by reason of the ‘comparative 
slowness with which the thermopile follows the rise of temperature. It 


should however be possible to glean much information as to these earlier 
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processes from an investigation of the heat liberated by much more 
slowly reacting tissues, such as the tortoise’s heart, or the retractor penis 
of the hedgehog. Until however this has been done it is worth while 
recording the facts already discovered in the frog’s skeletal muscles. In 
order to do this it is necessary to show how the duration of the electrical 
warming in a control experiment affects the form of the curve of the 
galvanometer deflection. One would expect, especially from my own 
experiments with the Blix! thermo-galvanometer, that the two curves 
of */, deflection obtained by warming a musole twice, once for (say) 
2 secs, and the other time for 4 secs., would gradually diverge from one 
another until the latter is, at every /, about one sec, behind the former. 
This has been confirmed by direct experiments, and representatives of 


these are given in Fig. 9, of which a short description is given below the 


figure. It is seen that the curves diverge initially, and finally fall at a 
constant distance from one another: the duration and character of the 


heat · production in the first few seconds before the maximum deflection 
is reached has no effect on the way in which the curve falls to zero after 


reaching its maximum. It merely displaces it bodily a very small way 


do the left or right. Any divergence of the live-muscle curves from the 


control curves in the later stages must therefore be due to the production 


of heat also during these later stages. | 

Now, in the control curves, the fall of the deflection from its 
maximum to zero must be fairly simple in nature. It is due almost 
entirely to the conduction of heat from the hot junctions to the cold 
janctions of the thermopile, and supposing that the galvanometer 
magnets follow the current exactly—as is probably very nearly the case 
with these slow movements—the deflection can be shown mathematically 
to follow a simple exponential curve. The simplest property of such a 


5 ourve is that the ordinates at equal intervals of time fall in a geometrical 
Progression. This has been tested experimentally on the many control 


curves available, and the results given in Table II show that although 


- not rigidly it is very approximately the case. 


Hence from the control curves we may calculate the coefficient of 


bheat- loss from the hot to the cold junctions and use it on the curves 


obtained for live muscles in order to correct for heat-loss, and to follow 
the actual evolution of heat in the later stages, By this means we can 
follow the actual heat-production in the later stages just as though the 


thermopile did not conduct away any of the heat, and as . all the 


beat were kept and recorded. 


1 A. v. Hill. This Journal, p. 7 1911. 
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‘TABLE U. 


ordinary way, and were chosen at random from a large collection; the ratios of successive 
ordinates at intervals of ten seconds were worked out, and are given below. The first 
ordinate considered is the one which occurs about 5 secs. after the maximum deflection 
has been passed, vin. 90 0% of the total. The ratios given are Qnd/lst, 8rd/2nd, 4th/$rd, 
ete. In all cases sartorii muscles were used on the straight thermopile. 
Exp. 1. 715, “T15, 772, 7886. 

Exp. 2. “774, 768, 788, 808. 

Exp. 3. “788, 722, 748, 744, 70, 7857. 

Exp. 4. 750, 778, 780, 707, 802, 798. 

Exp. 6. 718, 748, °748, 754, 769, 779. 


for the calculation of heat loss is simple. 


Supposing the ratio were 76: then (1 70), i. e. 24, 1. 6. 24 % of the total reading at any 
moment is lost by conduction in the next 10 secs, If the ordinates at intervals of 10 secs. 
be 4, B, C, D. ... ete., mem we add on 24 0% of A to B, 24 % of 4 +249, of B to C, 24% 
of 4424, of B+ 24% of O to D, eto., and obtain the true curve of heat-production. 


Now possibly an objection may be raised to this method of con- 
trolling the experiments. It has been suggested to me in fact that the 
observed difference between my live-muscle curves and the control 
curves is due to a difference of heat-conductivity between the live and 
the dead muscles. This cannot be the case for three very good reasons : 


(a) No such large difference of heat-conductivity has ever been 


0% ‘The fall of the curves is due chiefly to the conductivity of the 
thermopile: the muscle generally used, the sartorius, is so thin that the 
conduction of heat away across it must go on very fast. 


(c) The control curves agree absolutely with the curves obtained 
from a live muscle kept in nitrogen, so that any difference in conductivity — 


between the live and the dead muscle is ruled out. 

Some other objections will be considered in the course of the 

description of the experiments on live muscles, to which we will now 
EXPERIMENTS ON LIVE Muscizs. 


The first experiments were made on the gastroonemius-sciatic 


| preparation of the frog, using the round thermopile. It was noticeable 
that in those experiments which were made in oxygen there was a very 


much greater delayed heat-production than in those made in air. In 


1 This is een simply exoagh from the numbers given in Table II; in all five experi- 


» 
— * — 
id ‘ 
; 4 . 7 
| 
* 
7 
wb 
— 
2 
5 
4 
+ 
* 
+, 
— 
62 oF, 
ay at 
* 
* 
8 
— 
* 
~ 
J 

atom 
1 
‘ 
was 
i 
— owe 
8 
2 
* 
we ay 
— 7 
— 
. 
4 
ase 
* ‘ier. 
5 
‘See 
= 


HEAT LIBERATION IN MUSOLE. 88 


the early experiments however the importance of this was not appreciated. 
It was moreover noteworthy that excitation by the nerve gave, exactly 
the same results as direct excitation, and also that in successive 
excitations at short intervals the amount of delay between the live and 
the control curves became progressively less and les. 

In the experiments given in Table III, and in all 8 n 
Tables, the actual observations with electromagnet, time- marker, and 
drum are not given: instead of this the curves of deflection drawn 
through the observed points have been plotted in figures by the author, 


and the times at which these curves pass the various °/, deflections 


named have been measured and recorded in the Table. It should be 
noted that all the experiments have been as regular and as concordant 
as those shown in Table I and in Figs. 7 and 8. The interpolation has 


been carried out, not as is sometimes done in order to “smooth” dis- 


TABLE III. 


_ Exp. 1. Gastroenemius in round thermopile. 


in sees. 
0-61 seo. tetanus or warming. 


(i) at 11.16 a. m.: nerve excitation. sanding 195 
(i) at 12 noon: nerve excitation: Total reading 104 8. d. 
(iu) at 12.16 p.m. : direct excitation. Total reading 217 s. d. | 


„ 46 8 11 46 19 256 
„ Adi) — 106 14 18 225 26 
„ control 85 48 6 7 S&F 105 186 


B. Same muscle. 2°43 secs. tetanus or warming. 


(i) at 11.40 a. m. Max. deflection 297 s.d. Naxve esttation.. 
(ii) at 12.20 p.m. Max. deflection 218 s.d. Nerve excitation. 
(iii) at 12.50 p.m.. Max. deflection 464 .d. Direct excitation. 


/ reading 100 90 80 7 6 8 40 80 
Time B (i) 9 18 2 @ — 
„ BG % u 


0. Same muscle. 49 secs. tetanus or warming. 
at 11.80 Max: deflection 869 6.4. Nerve excitation. 
(ii) at 12.63 am. Max. deflection 396 8. d. Nerveexcitation. 
(ui) at 2 p. m. Max. deflection 242 d. Nerve excitation. 
(iv) at 2.10 p.m. Max. deflection 654 s.d. Direct excitation. 
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360 80 100 9 40 80 20 
» eee, 10 15 29 9 46 58 G1 78 86 104 18 
Dur. 8. in ur. 2 hr. death 1°22 secs. tetanus. Total reading 

426 d. 
60 100 50 7 5 4j 8 20 
Tine, 1% 52 86 107 182 16 195 2% 80 40 
„ entre 10 19 4 62 78 98 117 147 192 248 355 


Fig. 10. 18, Table III. 

; of muscle. B i, ii-and iii, live muscle: control, same muscle warmed when dead. 
Note that the fall of the curve is much delayed in the live muscle, a phenomenon 
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experiments briefly. Without the aid of an excessive number of figures 
it would be impossible to explain the meaning of the recorded observa- 


tions: by means however of the interpolated results of these figures, viz. 


the times taken by the spot of light to arrive at certain fixed percentages 


of its maximum deflection, it is possible to compare experiments directly 


with one another without the necessity of printing all the curves. For 
example, if the times for the spot of light: to return to 50 % of its 


85 maximum deflection in three successive observations on the same 


muscle be 35 secs., 30 secs. and 26 secs., while in a control curve with 
the same muscle the time is only 20 secs., then we can see at once that 


there is a greater delayed heat-production in the first observation 


than in the second, in the second than in the third, and in all three 


than in the control experiment. This is true whatever fixed “°/, 
- deflection” we may consider, whether it be 100 he 90, 80, 70, 60, 59, me 
30, 20, 15 or 10. 


From these experiments and from Fig. 10, it is easy to 3 
a gastrocnemius stimulated in oxygen the live curve diverges rapidly 
and very considerably from the control curve, and goes on di verging 
continually. For example in Experiments 1 and 2 the difference 


between the times to any given deflection’ for the live-musele curve and 


the control curve increases more and more as the magnets go on 
returning to their normal position, while in Experiment 3 in air the 


difference is never very large and in 15 secs. or so has fallen toa 
stationary value. Thus in air there is nothing like so large a delayed 


heat-production as in oxygen. These we assent however are not 
satisfactory for several reasons 

(a): It takes long for oxygen or please to diffuse. into a thick. 
musele, e when the. latter is ran covered up with a thermo- 


60 The are because the muscle 
is not of uniform cross-section, and consequently when traversed by the 
alternating current is warmed more at the two ends than in the middle. 
The thermopile is near the middle so that the control curve does not 
fall as rapidly as it should if it were uniformly warmed all over: for heat 
must be conducted up gradually to the thermopile from the warmer 
parts outside it, and so the deflection does not diminish as rapidly as it 
should. This of course does not invalidate the conclusion that the 
heat-production. is largely delayed, for if the true control curve were 


used instead of the observed one the heat~production. would appear to 


be even more delayed than it appears here to be. But it does 
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conttol ourve-as a means of predicting the actual! trae liberation of heat 
by the live muscle. 


(e) The third and even more serious objection, which necessitates 


farther experiments with a more satisfactory muscle, is as follows: The 
_ gastrocnemius is so thick that it is easily possible that the interior parts 
of the muscle should contract: and give out heat while the outer parts 
should remain unexcited and give out no heat. The consequence of this 
would be that heat would be conducted up slowly to the junctions, from 
the inside of the muscle, and there would be apparently a delayed heat- 
production. It seemed unlikely in the many experiments made, either 
a short time or a long time after removal from the animal on the ten 
gastrocnemius preparations used, that this should uniformly and regularly 
be the case. It is however also possible that the muscle should contract 
at points outside the thermopile, and not at points in contact with it. 
This might conceivably be caused by the pressure exerted by the ring 
thermopile on the muscle. The pressure was indeed very light and can 
not in most cases have had much effect: but there are several other 
factors which might have had a like result, ¢g. the thermopile may 


have kept the oxygen from the parts beneath it, and so rendered them 


inactive, or traces of metal from imperfectly insulated constantan may 


have poisoned the parts directly under the junctions. Using the : 


gastrocnemius it is impossible entirely to eliminate these objections. 
Probable, therefore, as the gastrocnemius experiments rendered the 
supposition of a delayed heat-production, they were not sufficient to prove 
it beyond doubt. Consequently I have. made very many more experi- 
ments on the sartorii of the frog, using the straight thermopile with its 
warm junctions covered by the two sartorii. In these muscles, each of 
which when stretched is not much more than 4 mm. thick, there is no 
possibility that a large apparent delay in the heat-production should 
arise from the contraction of the fibres inside the muscle when the out- 
side fibres were inexcitable. Even if this partial contraction happened, 


equalisation of temperature on the cross-section of the muscle would 


take place so rapidly as to prevent any considerable effect. on the 
galvanometer deflection. The use of the sartorii on a long “straight 
thermopile has a further advantage, vin that it overcomes also the 
‘second objection sketched above. It is always possible that the muscle 
at different points along its length is in one place excitable and in 
another inexcitable. If the thermopile were on a part which did not. 
contract, there might be, when the muscle was excited, a slow transfer 
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of heat by conduction from the point which contracted up to the 
thermopile: this would give an apparently delayed heat-production, and 
we might make the mistake of believing it to be a genuine physiological 
effect’, instead of a simple physical error. The use of the long straight 
tbermopile, being as it is practically two-thirds of the length of the muscle, 
absolutely precludes this effect: if one part of the muscle is inexcitable, 
the heat may be conducted to it slowly from an excitable part: but if 
these parts are both on the thermopile, the effects balance—the slowing 
of the fall of temperature at the inexcitable part is balanced by the 
quickening of the fall of temperature at that excitable part which loses 


beat to the inexcitable part. The possibility of errors such as these must 
be borne in mind continually during these experiments; only with a 


thin muscle like the sartorius and with a long straight thermopile taking 
the mean temperature of every point along the muscle, can it, I believe, 
be fairly claimed that the existence of this delayed heat-production is 
established beyond a reasonable probability of error. 

A few experiments have been performed with the semi-membranosus 
muscles on the long straight thermopile. These muscles are more 
powerful and last longer than the sartorii, they are of much more 
uniform cross-section than the gastrocnemius, and not so thick ; so that 


the objections which can be urged against the experiments wa ee 
gastrocnemius do not tell so heavily against their use. 


40 pairs of junctions, Killed 9.15 a. m. Put in moist chamber at 10 a. m. Left till 
11.80 a. m. in oxygen. Several curves of deflection were taken of which the following are 
the first and third. (i) 0°15 sec. tetanus, e (ih 0°91 neo. 
tetanus, maximum deflection 471 s.d. 
Time (i) aa 9 06 26 34 40% 34 70 94 . 
„ (i 2 9 196 2% 8 4 Bh 67° 64 
From the experiment it is seen that in the semi - membranosus there 
is apparently a considerable delay in the beat produotion, and that the 


. delay is greater in the first stimulus than in the third. 


We shall now turn to the experiments made with the sartorius. 


1 Qonversely, if the muscle contracted in the immediate neighbourhood of the 
thermopile, and not elsewhere, the temperature would fall faster than in the control 


ceperimenta, the heat being lost to colder parts of the muscle: we might conclude from 


such experiments that there was a reabsorption of heat after contraction, that in fact the 
recovery processes were endothermic. Such a startling conclusion would be quite wrong, 
but to show the great care which must be taken in this investigation I may mention that 
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The muscle was of course always stimulated directly (with tinned iron 
Wires) and was used with a straight thermopile either of 20 or of 40 pairs 


of junctions—the latter is the better—or else in a few experiments and 


a “double thermopile of 15 or 20 pairs of junctions. 


In Table IV are given a few experiments, out of the 8 


which have been performed, to show the delay in the e 
W a short tetanus, 


TABLE IV, | 
% 


Err. 1. Sartorit of large male fro, 12 noon, in chamber in 75 oxygen 


12.30 p.m. on straight thermopile of 40 pairs of junctions. 
Exp. (a). 0˙8 seo. tetanus at 1.15 p.m. Max. deflection 587 s.d. 
Exp. (b). 0-6 sec. tetanus at 2.30.p.m.- Max. deflection 560 8. d. 
Exp. (e). 1°8 sed. tetanus at 6.80 p.m. Max. deflection 416 8. d. 
Control: mean of three experiments. a 
% deflection 100 90 80 70 60 50 40 
Time, exp. (a) 9˙5 19 77 8 47 39 81 
„ exp. 77 14 19˙5 26˙5 48 609 
„ @xp fe) 104 19 5 82 39 48 58 
„ control 77 18 178 22˙4 28˙4 864 45 
~ Exp, 2. Satiérti of large male frog, Killed ‘at 12 noon, in chamber in 75 / O, at 
Exp. (a). At 1.16 p.m. 0-46 sec. tetanus. Max. deflection 287 6.4. 
Exp. (b). At 1.90 p,m. 1:62 sec. tetanus. Max. deflection 513 8. d. 
xp. (e. At 2.26 p.m. 0-76 sec. tetanus. Max. deflection 208 &. d. 


Oontrol!; mean of two experiments. 
/ deflection 10 90 80 7 % 50 40 30 
Time, exp. (a) 98 176 256 86 49 64 82 — 
„ exp. (0 75 4 58 — 
„ ep. (e) 18 164° 8 1 — 
„% control 75 18 16 24 26 884 42 65 


75%, O:. Exps, (a) and (b) 45 minutes after placing the muscles in the chamber. 
Exp. (a). sec. tetanus. 781 s.d, reading. 
Exp. (b). 8˙8 secs. tetanus. 
Control: mean of four experiments. | 
% deflestios 100 9 80 7 60. 50 40 
Time, exp. (a) 87 165 24 88 445 575 80 
„ exp. (0 121 2 2% 2 41 SL 64 
42 


„ eontrol 78 11.2 15˙4 20 255 88 
This experiment, with a caloulated ourve of true heat-evolution, is shown in Fig. 11. 


i Tue later part of the control deflection is practically unaffected by u difference of a 


control curve is given 


* 


7 
* 
ia 
413 
as = 
— 
* „ 
5 
ag 
ag 
. 
Ps 
1 
wy 
BY. 
9 


8 


* 
| 
. 
| 
per 
* 
| 
— 
AR 
982 
us in oven. 
E 
<2 
* 
4 
| 
* 
wee 
| 
*. 
| 
2 
‘speed 
* 
1 of the warming 
: 80 one 
ag 
- 
* 
: 4 
* 
é 
. 


HEAT LIBERATION IN MUSCLE. © 61 


Exr. 4. Sartorii in O, on long thermopile of 40 pairs of junctions. 1 s.d. deflection= 
0000180. In 76 % O, at 12.15 p.m, left unstimulated till 2.10 p.m. and then stimulated 
at intervals of about 10 minutes for about 5 hours. The same curve of deflection was 
given, very closely, during the whole of this time, in response to a tetanus of 2°28 secs. 
duration. 


Exp. (a) at 2.15 p.m. Reading 466 8. d. Exp. (J) at 8.7 p.m. Reading 568 8. d. 
Exp. (5) at 2.19 p.m. Reading 478 6. d. Exp. (o) at 4.21 p.m. Reading 652 8. d. 
Exp. (e) at 2.29 p. m. Reading 501 8. d. Exp. (h) at 5.20 p.m. Reading 529 8. d. 

Exp. (d) at 2.41 p.m. Reading 546 8. d. Exp. (&) at 7. 10 p.m. Reading 422 8. d. 
Exp. (e) at 3.10 p.m. Reading 588 8. d. Control: mean of five experiments. 


Exp. (c) is shown in Fig. 12, as also a caloulated curve of the true heat-evolution. 


deflection 100 90 80 70 6 50 4 80 22 20 15 
Time, (a) 84 148 204 278 87 40 6 — — 
„ Oxp. 8˙4 146 864 46 589 7 ĩH„mꝙ 
„ 84 148 204 976 866 47 GCL 8k — — 
„ 84 146 278 865 4892 695 81 — — — 
„ expe) 84 146 312 2 884 31 65 87 —- — — 
„ 87 164 «867 «476 60 9 — — 
„ @xp.(9) 88 152 218 29 386 49 % 1 —:⸗ — 
„ 89 158 216 289 868 466 608 — 
„ ep. ( 87 1562 214 28˙4 874 49 66 85 100 119 145 
„ Control 6˙5 «198 248 Bl 865 483 55 685 75 
Exe. 6... Sars rwrrones. Sartorii on long 40 pairs of 


straight 
junctions, giving single twitches; Broca galvanometer used with sensitivity such 
1 g.d,=8°8 x 10 amps., or 1 s.d.=°0000082° C. (caloulated from the thermo-electric 
properties of constantan and iron). Frogs killed at 10 am. In moist chamber at 
10.26 a.m. and left in O, till 11.40 a.m. 


Exp. (a). Powerful twitch due to 1/60 sec. tetanus at 11.40 a.m. Total reading 


Exp. (ö). Ditto: due to 1/80 sec, tetanus. Total reading 417 2.4, 11.48 a.m. 

Control: mean of four experiments. : 
% deflection 10 90 80 70 60 380 40 80 20 
Time, ep. (a) 99 168 223 202 875 47 % 89 — 
„ exp.(}) 96 148 195 255 84 4 61 — — 
„ control 117 148 188 238 206 873 47-4 645 


‘Exp. 


| musele corrected for heat-loss. 


From the experiments given in this Table and from the Figures 
associated with them, we see that there is a very considerable delay in 
the heat-production of a sartorius muscle whether excited to a single 
twitch or to a prolonged contraction. Exp. 4, in particular, the results 
of which are plotted i in Fig. 12, shows how for five hours a muscle in an 
atmosphere strong in oxygen stimulated for 23 seca. at rare intervals 
maintains- an almost constant total heat-production and an almost 
constant delay in the heat-production: the deflection curves from 
2.15 p.m. to 7.10 pm. practically coincide although they are all very — 
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Fig. 11. Exp. 8 (a), Table IV. Curves of galvanometer deflection for live muscle stimu- 


lated, and for dead muscle warmed (control). Also calculated curve of true heat- 
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widely different from the control curve. The control curve ‘in this 
experiment was especially carefully made, so that one may use it with 
a high degree of accuracy to calculate the heat-loss from one set of 
thermo-junctions to the other set. From the control curve we ascertain 
that.in this experiment about 26°/, of the total deflection is lost by 
conduction every 10 secs.: taking for example Exp. 4 (H, which is the 
most accurate and prolonged observation in the series, we may calculate 
the true curve of heat-production after about the 9th sec.: this is shown 
in Fig. 12. It is seen that for 140 Sets. after excitation the true curve 
of sheat-production goes on rising continually, though at a gradually 
decreasing rate, until it has attained a — * least 75 . ale than 
the amount of heat liberated 
in the first eight seconds. 
There is no reason to sup- 
pose that the curve at the 
end of 140 secs. becomes a 
horizontal line: it is im- 
possible to follow it there- 
aſter with any degree of 
accuracy but undoubtedly 
the heat is being liberated 
for several minutes more, 80 
that there must be at least 
as much heat liberated in 
the total recovery process 
as in the first 9 secs. after 
excitation. 
In Exp. 5, which is shown graphically in Fig. 13, 5 
a single twitch in which the amount of heat liberated accounted for 
a rise of temperature of not much more than rohe C. the curve of heat- 
production when corrected for heat-loss went on rising steadily for as 
long as the experiment was continued. There is therefore, also in single 
twitches in oxygen, a very prolonged evolution of heat, the amount of 
heat liberated after the completion of the contraction being in all 
probability at least as great as that liberated during the contraction. 
A similar curve, suggesting the same conclusions, is given in Fig. 11, 
for Exp. 3 (aq 
Having, then, established the fact that a live ie excited in 
oxygen liberates large quantities of heat for long periods after the 
mechanical response is complete, we will turn to the experiments which 
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show that this fact is intimately connected with the presence of oxygen, 
and does not occur in its absence. Incidentally these experiments on 

live muscles in nitrogen afford strong confirmation of the validity of the 
method, for after a period in nitrogen the live-muscle curves of deflection 
coincide absolutely with the control curves, which could — be an 
case time after a were the method of e 8 


TABLE V. 


Exp. 1. ‘off 40 In boat 06 N, st 
10.45 a.m. 1 8.d.=-0004° C. 2°6 secs. tetanus or warming. 
xp. (a). ˙‚— 
Exp. (b). Total reading 102 f. d. at 12. 18 p. m. 
Exp. (e). Total reading 91 s. d. at 12.21 p.m. 
is Control: two coincident experiments. 
% deflection 100 90 890 70 60 ‘50 
Time, exp. (a) 7 162 198 26°38 81° 
„ ep. (5) 72 100 146 191 247) 81-4 
„ p. ſe) 74 11˙6 165 «6198 25˙6 32˙5 
„ oontrol 60 107 144 19 247 381° 


2. Sartori on straight thermopile of 20 junctions. about 95% Ny at 
11.80 a.m. 1°56 see., tetanus or warming. 3 
Exp. (a). Total reading 665 u d. at 19.90 p.m., i.e. after 1 hour in N,. 
Exp, (b). Total reading 544 s.d. at 12.88 p.m. 
Exp. (d). Total reading 466 8. d. at 1.28 p.m. 
Controls: three practically coincident experiments. 


83288 


%% deflection 100 90 80 70 60 50 40 30 20 15 
Time, ep. (a) 78 125 168 214 28 86 465 59 81 — 
„ p. (U) 66 12 168 194 24-7 813 804 62 69 — 
„ ep. (e) 65 108 182 164 21 265 348 443 595 69 
* exp.{d) 656 11 14 174 22 286 36 48 66 85. 
„ control 7 126 148 17.8, 222 976 847 44 58-4 68-4 


From the two experiments in Table V and from very many similar 


experiments not given here, it is seen that in sartorii muscles, left an 
‘hour or more in nitrogen, the deflection giving the rise of temperature 
of the living muscle coincides in its relation to time almost exactly with 
the deflection in the control experiments. From this we may conclude 
that the heat-production in a live muscle in nitrogen occurs only during, 
or shortly after, the mechanical response, and not during long periods 

1 In these experiments the chamber is so large that it is practically impossible to 


sweep out all the Os by passing N, through it: but all the effects are e eee 
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TABLE VI. 


to muscles kept some time in nitrogen. 


in om 40 junctions at 11.30 a.m. 


at varions times, 1:5 sec. tetanus. 


Exp. (a). At 1.81 p.m., f. e. after 2 hours in nitrogen. Total reading 328 s.d. 
Exp. (b). At 2.98 p.m., ie. after 8 hours in nitrogen. r 
Exp. (c). At 2.82 pm. Total reading 504 6. d. 


After Exp. (e) oxygen was let in and the following experiments performed. 


Exp. 228. (0. After 48 mins. in oxygen. Total reading 368 8. d. 
82900 Total reading 248 8. d. 
Exp. ( 6 mins. later 


reading 226 8. d. 
: mean of three nearly dent experiments. 
100 90 0 4% 80 20 15 
| exp. (a 79 126 162 208 #252 818 40 51 70 87 
„ Sp. (db 7˙5 12˙6 «161 82 40˙5 52 67 — 
„ exp. (e 78 137 168 27 #258 817 4 51 66 78 
„ 80 184 176 242 828 48 99 —. 
„ ep. 8 185 178 284 81 405 7 — — 
„ exp.(f) 76 #186 352 74 — — 
„ control 86 126 169 199 245 207 872 47 «+613 72 
The results of this experiment are shown in Fig. 14. : 
Exp. 2. Same muscle as Exp. 2 in Table V. : 
E Mean of E Y, (ec) and (d) in Exp. 2, Table V, in N.. 
Exp. (0h hours after Total reading 177 
Exp. (el. 21 hours after bs. readmitted. Total reading 161 s.d. 
% deflection 100 90 80 / 80 30 40 30 20 15 
e, exp. (a) 6˙5 11 142 177 #223 266 862 46 65 77 
„ exp. 66 125 17 235 80 44 64 7 — 
„ exp. (e 66 12 177 7 eh 58 830 ſ:—Xã — — 
„ con 7.9 «6143 178 22°23 276 847 443 58˙4 68-4 
Exp. 3. In this t the “double thermopile” was used, one of the pair 
of sartorii being stim Frog killed at 9.30 a.m. 2 ot 10.90 acm 21 secs. 
tetanus. 


Exp. (a). At 11.7 a.m., i.e. after 87 mins. in N,. Total reading 146 8. d. 
Exp. (d). At 11.12 a. m., 4.4. after 42 mins. in „Total reading 158 s.d. 


Oxygen was let in at 11.48 a.m. 


At 12.31 p. m., i. e. after 48 mins. in reading 162 8. d. 
2.18 p.m., 4.4. after 24 hours in 


Control: for 


80 far proved 


detention 9 80 70 6 30 40 80 20 16 10 
e,exp.(c) 45 72 92 114 14 172 1 51°5 
„ rp. 50 7.2 9˙ 11-4 14 17.2 1.4 266 855 485 — 
„ 47 148 184 988 36 66 86 — 
„ 92 14 74% 84 60 80 — 
„ @xp.(e) 80 80 106 185 177 936 804 48 64 85 — 


The results of this experiment are shown in Fig. 15. | 
PH. XLVI. 5 
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after it. This is very important, for it means that the heat-production 


in the recovery processes, and ‘presumably therefore the recovery 
processes themselves, depend on the presence of arygen in a sufficiently 
high tension. The obvious method of confirming this is to readmit 
oxygen to the muscles which have been left some time in nitrogen, and 


in which there is no longer any delayed beat- production, and to see 


whether after the readmission of oxygen the delayed heat-production 
reappears. This has therefore been done: Table VI contains a * 


Rie 

4 
«4 


4 


Fig. 14. Galvanometer deflection ‘for rise of temperature of’ muscle excited in nitrogen, 
and later in oxygen, and finally warmed when dead (control). Note that the curve of 
deflection for the live muscle in nitrogen very nearly coincides with the control curve, 
and that the curve for the live muscle placed in oxygen after nitrogen is very con- 

id bly di d to the right 


typical experiments in which muscles have been left in nitrogen 

until practically no trace of delay in their heat- production is seen on 
stimulating them: oxygen has been readmitted, and within half an 
hour the delay in the heat-production has completely returned, to such 


an extent that again about 50°/, of the total heat liberated is obviously 


due to recovery processes. 
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HEAT LIBERATION IN MUSOLE. — 67 
From the experiments in Table VI, from’ Figs. 14 aud 15; and 


from many other experiments unrecorded: here, it is seen that the 


reintroduction of oxygen to a muscle kept some time in nitrogen does 
effect a reappearance of the delayed heat-production ‘following a 
muscular contraction. There is good reason to suppose that omygen is 
to some extent stored by a muscle’, either physically by solution and 
adsorption, or chemically: by combination, and is used during periods of 
survival to carry on normal oxidative processes: the oxygen is however 


possible. Live muscle, first in nitrogen and later in oxygen. Note that the deflection 
auxves are very much more delayed in their return, when the muscle is in oxygen, 
than’ when it is in nitrogen. This corresponds to a much greater “‘ delayed heat- 
production” when the muscle is in oxygen. 


| 5 up more rapidly when the muscle is stimulated that when it 


remains at rest. Hence we may get rid of the oxygen in a muscle, 
either (a) by leaving it in nitrogen, (b) by stimulating it strongly in air 


or oxygen, or (c) and best by stimulating it in nitrogen. It is noticeable 
indeed in these experiments in nitrogen, that the first two or three 


1 See A. V. Hill. This Journal, xixv. p. 477. 1912. ee 
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observations on a second or so’s tetanus do not stick so closely to the 
control curve as do the later ones made after the last traces of oxygen 
have been used in the oxidative processes of recovery from activity. 
This fact, which seems to me in an indirect way strongly to confirm the 
views of muscular contraction suggested in this and in previous papers, 
is shown more effectively in experiments on muscles in oxygen or air: 
successive excitations of about a second, at short intervals, show 
progressively less and less delay in the heat-production, an effect no 
doubt due to the gradual lowering of the oxygen tension in the ne. 
and to the consequent decrease in the velocity of “ oxidative removal” 
of the fatigue products liberated in the contraction. Probably, of course, 
if there is sufficient total oxygen present to carry out this oxidative 
removal, then the total delayed heat-production will in all cases reach 
finally the same value: but as the oxygen-tension decreases in the tissue 
there is leas and less velocity of oxidation, until the delayed heat- 
production becomes so delayed—more than two or three minutes in 
these experiments—that it is never observed at all by my method. 
| Below is given a typical experiment on a muscle in oxygen to show 
the progressive diminution in the delay of the heat-production in 
successive observations of the same muscle. Other examples may be 
found in previous Tables. 

in O, at 10.30 a. m. 
(a), (6) and (e) at intervals of 8 or 4 mins., beginning at 11 a.m. 


Exp. (a). 0°76 sec. tetanus. Total reading 808 s.d. 
Exp. (b). 1°14 sec, tetanus. Total reading 507 s.d. 
Exp. (e). 1°14 sec. tetanus. Total reading 449 8. d. 
Control; two coincident experiments. 3 1255 
% deflection 100 90 80 70 60 50 45 40 
Time, exp. (a) 88 148 22 31 42 61 7 — 
„ ep. (6) 90 47 20 27 S67 46 54 68 
„ exp. (e) 83 184 184 24 31˙5 897 447 51 
„ control 80 1238 16 208 252 38056 845 3883 


The effect is very considerable: the time to return to 50% of the 

total deflection in experiment (a) is 61 secs, in experiment (b) 46°6 secs., 

in experiment (c) 39°7 secs., though the last is still considerably more 
than in the control experiment, viz. than 30°5 secs. 

In order still further to confirm this view of the action of the oxygen 
in removing “fatigue products,” or as they should rather be called 
“ products of activity,” the following series of experiments was carried 
out, A result strikingly in accordance with that predicted was 
obtained. 
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The experiment consisted of tetanising a pair of sartorius muscles 
for long periods, say for 20 secs. or more; in this case noticeable 
quantities of lactic acid and other products of activity must have been 
set free, and may very well have swamped entirely any oxygen present 
in an active form in the muscle, long before the end of the tetanus was 
complete. Consequently we might expect the decrease of the galvano- 
meter deflection, due to the cooling of the muscle when the excitation 
ceased, to be a purely physical effect, and to be identical in form with 
the decrease of the galvanometer deflection in the muscle warmed 
electrically when dead. 

The experiments are described in Table VII. : 

From the experiments on this Table, which are e of 
many similar ones, we see that the gradual decrease of the galvanometer 
deflection after a long period of excitation has ceased is only very 
slightly, if at all, slower than the decrease of the deflection in control 
observations. There is a certain delay in the heat-production even in 
these experiments, but it is exceedingly small, and in no way comparable 
with the delay of the heat-production following a tetanus of about 2 secs. 
duration. This is strikingly shown in Exp. 3: here we have side by 
side (i) four experiments made at about 1 p.m., two being short excita- 
tions and two long excitations : and (ii) three experiments made at about 
2.10 p.m., one of them being a long excitation and the other two being 
short excitations. In either case we see that at a time when a short 
excitation is followed by a prolonged evolution of heat a long 
excitation is followed only by a purely physical cooling of the 
muscle, or at any rate by only a very feeble attempt at a delayed 
evolution of heat. I imagine that in a contraction, “ products of 
5 activity,” e.g. lactic acid, are liberated, and cause a rise of tension in the 
muscle—whether by inbibition, or by change of surface tension, is not a 
question now to decide—and after diffusing away from the neighbour- 
hood where they are affecting the colloidal structures of the muscle, are 
immediately seized on by the molecular machinery of the muscle in the 
presence of oxygen and got rid of, whether by oxidation or by replace- 
ment in their original position under the oxidation of other fuel. If there 
is not sufficient oxygen they are left to accumulate, and stiffness ending 
in rigor may result. Some of the oxygen is presumably in some 
specially active form—possibly adsorbed to a ferment, or concentrated 
at certain surfaces where it lowers the surface tension—and if there is 
sufficient of this oxygen left, then the oxidative removal of the products 
of activity can go on immediately and for long periods after the 
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TABLE: VII. 


— delayed aftr lng tame. 


ps control experiments in this Table were obtained as follows: 

One or two control observations were made, and the curve of galvanometer deflection 
plotted. In order to make this comparable with the curve obtained in a long excitation 
of the live muscle it is necessary to shift it bodily to the right, ao that the maximum 
deflection ocours in both at the same time. Of. with Fig. 9. This is quite a valid 
proceeding, because it is only during the cooling of the muscle that we are looking for 
evidence of the prolonged heat-production. In the Table therefore the times in each 
control experiment represent the sum of (a) 4 fixed constant quantity required to bring 
the maximum deflection to the same moment, and (6) the ordinary observed times in the 
actual control experiment. Hence, during the period after the maximum deflection has 
been reached, if the “live experiment” diverges in point of time from the control ex- 
periment corresponding to it, there ie a prolonged heat-production : if they coincide in 


Exp. 1. Sartre lng sight temo of 40 pie of anions, abut | 
0, at 10.00 a.m. 

rp. (a). At 10.56 a. m. Total reading 568 8. d. 18-6 secs. tetanns. 

Exp. (b). At12.6 p.m. Total 475 265 secs. tetanus. 

Control, two experiments. The sensitivity of the galvanometer was mach less than in 
previows experiments, so ite movements were exceedingly rapid. 


% deflection 60 80 100 9 20 10 
88 11˙5 186 27 886 80-7 ½ 564 687 875 119 


‘nm control (a) — 186 998 254 84 % 47 e 
i 98 228 274 85-7 40-5 46-4 54 645 805 1105 
— 265 206 O95 442 51-2 596 78-2 1012 


Exe, %. Sartorié on straight thermopile of 20 pair of junctions, in at 


Exp. (a), At 10,52 a. m., 15 secs. tetanus. Total 469 8. d. 


Exp. (b). At 11.5 a. m., 34 secs. tetanus, Total 5108.4. 
Exp. (ce). At 12.10 p.m., 27 sees. tetanus. 
defection is. renchod in: the tinea. 


Time, ep. (@) 16 208 2% 4% 80 

„ ontrol 2% 90% 84% 455, 4 80 
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Exp. 3, 


Exp. (a). Total 109008. 
rp. 1265 p.m. 1-64 0c. tetanus. Totali7isd. — 
Exp. (e). Lp.m. 8°8 secs. tetanus. Total 288 d. 
xp. (d). 1.9 pm. 16 secs. tetanus. Total 795 8. d. 
(e, 25 pm: tetanus, 17 8. 0. 
Exp, 2.10 Pm. 16 sece. tetanus. Total 488 
Exp. (g) 2.14 p.m. 8-8 sees, tetanus. Total 153 d. 


˙ experiment in which the maximom 
- deflection is reached in the same time. 


deflection 100 80 860 40 580 20 
Time, exp. (a) 195 26 804 54 66°5 84 
„ ontrol (a) 19°5 21 876 317 6% 82 
„ ep. (6) 69 197 B12 32 67 95 
„ Control @®) 6% 163 40 51 68 
1738 #803 485 615 82 
„ Gontrol(ec) 61 265 08 6522 105 
„ (d) 19 ˙0 i 88% 3% / 
„ @xpfey? 78 180. 320 62:5 675 95 
„ expe (f)? 190 235 29°65 57 605 88 
„ exp. (g)! 76 30 4275 86 


contraction is over. If on the other 


liberated in such high concentration, as eg. by a long and powerful 
tetanus, that all this oxygen is used up at once, then for some consider- 


able period after the end of the mechanical response there can be no 


oxidative lactic acid removal, and consequently no delayed heat- 
production. That there is sufficient total oxygen present to carry on 
the oxidative removal processes is shown by the fact (Exps. 3 (J) and 
: Table VII) that only 4 mins. after a 16 secs. tetanus (which 


‘showed practically no delayed heat-liberation) a 3:3 secs. tetanus 


showed a considerable delay in the production of heat. It looks 


therefore as though some special oxygen which ean be fairly quickly 


replaced is necessary in order to carry out rapidly the processes of 
recovery in a muscle which has been excited to activity. This indeed 


bs what we should expect: carbohydrate fat and protein do not 


combine rapidly with oxygen under ordinary conditions of 
temperature, pressure, concentration etc, so that presumably 


the body oxidations go on in the presence of catalysts or 
ferments of some kind. Such catalysts are probably either structures 


‘calloide adsorbing: oxygen, or ferments which combine both with 


1 Cf, with control (e). det with control (ch. 
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oxygen and with oxidisable material, or else are surfaces of separa- 
tion between phases, where oxygen lowers the surface tension and 


80 tends to be concentrated. In all these cases the oxygen would | 


be in a limited store in some specially “active form, so that the 
explanation of the resulta of Table VII is not only not far-fetched but 
even @ prior probable. Now, it will be asked, may not all of the heat 
liberated in a muscular contraction be due to recovery oxidations? and 
if not, what proportion of the total heat is set free in the actual processes 
of lactic acid liberation, and contraction? Seeing that large quantities 


of heat are liberated in heat-rigor, a process which seems to be largely 


if not entirely the breaking off of lactic acid from some precursor, and 
that large quantities of heat are liberated by muscles contracting in an 
atmosphere almost entirely free from oxygen, it seems unlikely that all 


the heat-production is due to delayed chemical reactions following after 


the mechanical response. The method described in this paper is 
inadequate accurately to decide this question by direct experiment : 
but by means of an analysis of the early course of the galvanometer- 


deflection curve when the muscle is stimulated, it is possible to reach 
the conclusion that certainly a very large part of the early heat- production 


following a stimulus is not appreciably delayed. For a more accurate 
analysis of the early stages in these curves of deflection, we should need 
(a) photographic registration, (6) more rapid galvanometer movements, 
and (c) much finer thermopiles, in order to take up more quickly the 
temperature of the muscle. It is possible that these conditions might 
be satisfied, but the difficulties at present of effecting any material 
advance in the method have seemed so considerable that as yet I have 
not been bold enough to face them. For the present then I will 
give a few experiments which certainly show that a very considerable 
proportion of the heat-production occurring in the first 10 secs. after the 


beginning of a short tetanus is not appreciably delayed after the 


mechanical response with which it is associated. 


The method adopted has been merely the analysis of galvanometer- 5 
deflection curves during the first 10 or 15 secs. after excitation. This 
may be carried out roughly, as was done in my earlier paper’, by 


observing the time to maximum deflection of the galvanometer from 
the moment when the muscle is excited; or it may be done more 
methodically by recording the whole of the galvanometer movements, 
The sharpness with which the “time to maximum deflection” could be 


observed with the Blix instrument was no doubt due to the fact that 


a This Journal, . p. 1. 1911, 
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HEAT LIBERATION IN MUSCLE. - 13 


the magnet - ystem's movements were undamped, and that therefore the 
spot of light swung out and back very suddenly. With my Paschen 
galvanometer the maximum is much blunter in form, and so cannot be 
observed very accurately. For this reason the method of observing the 
“time to maximum deflection” has not given very good results, and it 
will be better not to confuse the issue by inserting these results here. 
On the whole the conclusion one would draw from these experiments 
is that in the 5 to 9 secs, usually elapsing before the maximum is 
reached there is a noticeable delay in the appearance of some of the 
heat but by no means in the appearance of all. Let us turn then, 
in Table VIII, to experiments which ais more e evidence on 
the | 


TABLE VIII. 


J 
beginning of excitation. 


and drum, at intervals of about a second after excitation began. ae 
from the curves so made are, as usual, given here. 


Exe. 1, Two sartorii on long straight thermopile of 40 pairs of junctions, tetanised 
· (a) At 12.8 p.m. Total 393 s.d. 
| Exp. (b). At12.10p.m. Total 898 

Exp. (e). At 12.15 pm. Total 318 8. d. 

Exp. (d). At 12. 18 p.m. Total 8265 8. d. 

2 135 Control: mean of two experiments. ye 
0% deflection 20 4 6 80 90 100 90 80 
Time, exp. (a) 
„ p. (5) 14 24 82 41 47 70 122 — 
„ ep. (e) 138 29 8˙7 44 6˙7 12˙2 «167 
„ 22 28 84 40 63 116 — 
„ control 18 22 238 34 40 60 O98 1323 © 


n 2 Ditto. 6 secs. tetanus or warming. 


xp. (ah. At 12.28 p.m. Total 581 8. d. 
Exp. (b). At 12.58 p.m. Total 607 s.d. 
0% deflection - 20 40 60 80 90 10 d 
Time, exp. (a) 2˙2 8 ˙4 48 68 Ob 14-4. 
„ exp. (d) 2:2 8°4 4:8 6-2 6-9 9-2 14:6 
„ control 2 $1 4˙4 5˙5 6˙2 12 


. We see therefore that during the first 10 secs. in the “live” experi- 
ments the time to reach any given °/, deflection is slightly greater than 
in the control experiments, but not very noticeably greater. As a 
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mistter: of fact, as 1 haue shown already’, more heat is liberated during 
the first second than during any following second. The “centre of 


gravity” of the heat-production is therefore shifted back before the 


middle point of the tetanus, so that any delay in the galvanometer 


deflection due to delay in the heat-production tends to be masked by 
this Hence we may conclude that the delay between live experiments 
in Table VIII and control experiments is really greater than appears 
there, and is im fact noticeable though not very large. I feel we shall 


not be far wrong in concluding that the delayed recovery processes do 


go on also in the first few seconds after excitation, in fact from the very 
moment when “ products of activity” are liberated, but that a large 
proportion of the heat set free in the first few seconds is due to the 


actual chemical breakdowns—¢.g. breaking off of lactic acid from its 


precursor—which call up contraction, and is not merely due to the 
processes of oxidative removal of the — breakdowns. 


Discusstox or Resuits. 


Toe saints given in this paper, though mainly 8 of the | 


conclusions reached in my previous investigation“, may not seem to be 


entirely in accord with them. It must be emphasised however that in 


the present paper the investigation is chiefly of the heat produced in 
the long period, from 10 secs. to 3 minutes, after the mechanical 


response is over: while in the previous paper the heat - production 


investigated was that occurring in the first 8 secs, after excitation. It 
may well be that, considering this; there is no contradiction between the 


‘two series of experiments, It was strongly suggested in the earlier 


paper that there is a certain delay in the heat-production occurring in 


the first 8 secs. after excitation: this has been confirmed. It was found 


however that there was less delayed heat-production in the first 8 secs. 
when the muscle was in oxygen than when it was in nitrogen or 
hydrogen. This seems unlikely to be true in view of the opposite 
effects described in the present paper as occurring in the first 2 or 3 
minutes after excitation: though the latter cannot, I feel, be said 
definitely to exclude the former. In case, however, it be held that the 
two sets of results are contradictory, I can only say that in my opinion 


the methods and apparatus of the present Investigation are. infinitely | 
more reliable than those of the previous one: and if the results given in 


en e the error must have crept in by e 
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avenues which 1 have endeavoured ‘to block in the present research, 


ag. by unequal contraction of the muscle at different points. The 
thermopile used then contained only five pairs of junctions, at intervals 
of about. 5 mm. from one another in a vertical line: the presence of 
oxygem may have kept the muscle normal all over, while in the absence 
of oxygen it may always have contracted at the points between the 
junctions and not on the junctions themselves. This may have been 
caused by minute traces of copper poisoning the muscle at the junctions : 
and if so it would have led to an apparently delayed heat-production, which 
was really only the gradual conduction of heat from the points where the 
muscle contracted to the points where it did not, and which happened to 
be on the thermo-junctions. Seeing however the far greater reliability, 
accuracy and extent of the present investigation I think it is of little 
to consider whether it does, or whether it does not, s 
entirely with the former observations. | 
Let us consider then the bearing of the facts established (a) upon 
theories of muscular contraction, and (b) upon general views as to the 


mode of utilisation of oxygen by the living organism. In previous 


papers I have suggested that the production of lactic acid from some 
precursor in the neighbourhood of certain colloidal structures of a 
muscle* effects an increase—or possibly a decrease in the case of 
muscles which can be inhibited—of the tension of the whole fibre, 
whether by a change in the surface tension between two. phases, or by 
what is now known as Quellung or inbibition. Certain it is that 
lactic acid and CO, are produced by exeitation, and apparently nothing 
but lactic acid and CO,: and asauming the latter to be indeed the case, 
my experiments on the heat-production of rigor* show that the lactic — 
acid precursor is not glucose, but something of noticeably more total 
energy. Furthermore, lactic acid in large quantities undoubtedly causes 
an increase of tension in the muscle fibre, and we know that in the 


presence of oxygen‘ it can be gradually removed from a musele whether 


by a process of replacement in its previous position or by a process of 
oxidation. The former of these two possibilities seems to me om many 


grounds to be the more likely, and if it be indeed the case there is every 


reason: to suppose that the lactic acid precursor is built up in the 


92 eta of oxygen under the influence of the energy a 


1 See especially A. V. Hill, This Journal, p. 504, i912. 
9 Or of any contractile tissue. 
Thies Journal, y. p. 502. 1912. 
4 Fleteher and Hopkins, This Journal, xxxv. aoe: 1907. 
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by oxidations of other material. Keeping this idea in mind, the 
experiments given in this paper make it clear that a short tetanus, or 
even a single shock, acts by liberating some of the lactic acid from its 
precursor, which lactic acid then in the presence of oxygen is put back 


in the previous position, but in the absence of oxygen remains in solution 


in the muscle. This building up of the lactic acid precursor requires 
the accomplishment of work, 1.6. the liberation of “free energy and 
heat: the substance itself is situated in the immediate neighbourhood, 
it may be part, of the colloidal network on which the lactic acid acts : 
and relaxation—which takes place almost equally well in the complete 
absence of oxygen—is due to the diffusion of the acid away from the 
sensitive colloidal network into the general fluid of the tissue or to 
its neutralisation by the alkali present: after which in the presence 
of oxygen it is seized upon by the molecular machinery of the living 
fibre, and replaced in its original. position with an evolution of heat 


due to other oxidations: this heat is the prolonged heat- 


production observed in the experiments described in this 
“paper. Apparently this oxidative removal process liberates at least as 
much heat as does the contraction process i. e. as does the liberation 
of lactic acid from its precursor. It is quite possible indeed that 
the total heat liberated in a contraction in the complete absence of 
oxygen is due simply to this chemical breakdown of the lactic acid 
precursor, which may go on until either the store of the precursor is 
exhausted or else the amount of acid liberated is so large that general 
coagulation and contraction—so-called rigor—results. This scheme of 
things is no doubt incomplete, but in any case any theory of contraction 
which may be advanced must take cognisance both (a) of all the facts 
connected with the liberation and oxidative removal of lactic acid and 
also (b) of the fact that at least 50°/, of the total heat liberated by a 
short tetanus may occur long after the contraction is over. To connect 
these two facts seems to me not only reasonable but almost inevitable. 


Let us turn now to the more general physiological problem, on which 


the results of this paper have some bearing, viz. that of the mode of 


utilisation of oxygen by the living organism. . According to Starling’ 


“it is still a matter of dispute whether the oxygen is built up as such 
into the living molecule (so called intra- molecular oxygen) to be utilised 
for the formation of carbon dioxide when a discharge of energy is 


necessary, or whether it is only taken in at the moment when the 


combustion of the carbon and hydrogen constituents of the food or 
1 Principles of Human Physiology. London. 1012. 
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HEAT LIBERATION IN M USOLE. 17 


protoplasm is necessary for the supply of energy.” The latter of 
Starling’s two alternatives seems to me to be ruled out in a sense at 
once by the fact that a muscle will function for a while in the complete 
absence of oxygen. Some thing or things possessing “free energy 

(i stored mechanical potential energy, or the power of acquiring such 
from the heat energy of the surroundings) is undoubted stored up in 
muscle under the influence of oxygen, and can be used to liberate its 
free energy in the complete absence of any appreciable tension 
of oxygen in the tissues. It is not however necessary or even 
desirable to assume that these stored bodies contain intra-molecular 
oxygen, and that the action whereby in any form they liberate free 
energy is directly and simply an oxidation. In fact, the results of this 
paper show pretty conclusively that the hypothesis of intra-molecular 
oxygen does not satisfy the facts: for the stored body (or bodies) whose 
breakdown causes the liberation of free energy cannot be restored to its 
previous condition without both (a) the presence of oxygen and also 
(6) the liberation of large quantities of heat. If the lactic acid 
precursor could be restored in the presence of oxygen without 
the evolution of heat, weshould be right in concluding thatthe 
oxygen was built up into the precursor and that the break- 
down of the precursor was in part an oxidation with the 
liberation of heat. But the muscle cannot be restored in oxygen 
without the evolution of heat: at least as much heat is used in the 
restoration of the contractile tissues to their previous condition as in 
their breakdown, so that the oxygen cannot be merely built up as intra- 
molecular oxygen, but must be utilised in some way in oxidative 
processes. It is used presumably in some process whereby the mole- 
cular machinery of the muscle carries out oxidations for the storing of 
“free energy, either in a precursor of lactic acid or in the colloidal 
structures upon which the lactic acid acts—or else in both. It is 
probable therefore that neither of the two alternatives commonly urged 
is really the true one, but that oxygen is used rather in preliminary 
processes—analogous to the oxidation of coal in a steam engine in order 


1 1 have used the term “free energy ” because the liberation of free energy is a common 
property of all functioning living organisms or organs: ¢.g. the kidney concentrates or 
dilutes salt solution: the gland secretes sweat or some other secretion: the electric organ 
and the nerve fibre or cell liberate electric energy: the ameba changes its shape against 
resistances, and the ciliated cell moves its cilia. These phenomena cannot be called 
„ ontractions, so that in a general description of the mode of utilisation of oxygen, 
I have deemed it better to employ the general term which covers the activity of all living 
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to turn a dynamo and so to charge an accumulator—whereby fee energy; 
the power of carrying out life-processes, is stored in the living tissue, 
which power, which free energy, may be utilised by the tissue whenever 
an appropriate stimulus is applied. 

It has been shown moreover that the recovery oxidative processes of 
muscles depend upon the presence of some particular store of oxygen, a 
of a certain part of the oxygen which is in some peculiarly active form. A 
This is of importance in connection with ferments or catalysts which a 
aid or accelerate oxidations of what are ‘known as dysoxidisable sub- 4 


It will be observed that the general conclusions of this paper 
are strongly confirmed by the work of Verzär', who showed that 
the oxygen consumption of an active muscle may occur largely 
after the contraction is over, and by the work of Barcroft and — & 
who showed the same thing for the activity of the submaxillary gland. 1 
As the latter authors Way the oxygen appears to be used not in 
providing directly the energy ‘necessary for the secretion of the saliva, 
but rather for re-establishing the potential energy of the physical or 
chemical system which performs the complex function of secretion.” 
In conelusion these views of the mode of ‘utilisation of oxygen may 
explain how it is that the activity of an organ may be independent 
within wide limits of the oxygen tension to which it is subjected. 
Each stimulus breaks down some of the stored bodies of the tissue, and 
unless activity is very intense or the O,-tension very low, the oxida- 
tive processes of recovery can keep pace with these break- 
down processes. The recovery oxidations no doubt go on, in ac- 
cordance with the laws of . mass-action, faster as the O,-tension is 
increased, but so long as the O- tension i is not too low for the recovery 
to be able to keep pace with the breakdown, so long will the tissues 
remain normal: once however the O,-tension has fallen below a certain 
limit in an active organ, products of activity begin to accumulate and, 
depending on the nature of these various products, changes begin to set 
in. Within certain limits however we see how the functional activity 


of an organ is independent of ellie e 
9 by the stimuli applied to it. 


1 
ama. 


4 
| 
| 
| 
* 
J 
4 
. 
* 
* — 
Le 
52 
. | 
Ve 
a 
ty 
a 
* } 
| 
4 
4 
— 
2 


HEAT LIBERATION IN MUSCLE. oS 


Summary. AND ‘Conciusions, 


1 4 new thermo-electric apparatus is described, with lich it is 
possible to estimate very rapidly the rise of temperature of a muscle, 
if necessary to within a millionth of a degree, and to obtain a graphical 
record of the galvanometer movements which register this rise of 


2. In order to. discover’ the time at which 8 
an excited muscle these curves of deflection are compared with control 
curves. made after death by warming the same muscle electrically for 
known periods. 

3. In a muscle excited direetly or 8 in oxygen, either 
by a single shock or by a short tetanus (about 2 secs.), the production 


of heat is continued for long periods after the mechanical response is 


over. 
4. The amount of heat liberated after the contraction is over by a 


muscle excited in oxygen is at least as great as that liberated during the 


contraction itself. 

5. In a muscle left. about an hour or more in nitrogen there is 
no trace of any heat-production after the contraction is over. 

§. Ifsuch a muscle, after being in nitrogen, is left again in oxygen, 
the same amount of heat-production as is normal for a muscle in oxygen 
occurs after the contraction is over. 

7. Anything which diminishes the oxygen tension in the tissue, as 
e.g. a previous excitation, tends to slow the liberation of heat after the 
contraction is over. | 3 

8. In a long tetanus (20 secs.) all the available oxygen is apparently 
used before the tetanus is finished, so that there is no considerable 
delayed production of heat. 

9. It is concluded that: 


(a) the oxygen is used, and the delayed heat is liberated, in the 


recovery processes; 


(b) these recovery processes cannot occur in nitrogen; 
(c) they are dependent on the presence of oxygen. : 
10. It is suggested that the processes of muscular contraction are 
due to the liberation of lactic acid from some precursor, and that the lactic 


acid increases the tension in some colloidal structure of the tissue: that 


the lactic acid precursor is rebuilt after the contraction is over in the 


presence of, and by the use of oxygen, with the evolution of heat: and 
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finally that the heat liberated by a muscle excited in the complete 
absence of oxygen is due simply to the breakdown of the lactic acid 
precursor, and is the same in nature as the heat-production of rigor. | 
11. It is shown that these results are in favour neither of the 
hypothesis of intra-molecular oxygen nor of the idea that oxygen is 
used as required in the simple processes of energy liberation. It is 
suggested rather that oxygen in all living tissues is used largely in 
the oxidations whereby the molecular machine—like a steam engine 
charging an accumulator—builds up bodies containing considerable 
amounts of free energy, which (as in the accumulator) can be discharged 
whenever desired on subjecting the tissues to appropriate stimuli. 
Tue expenses of this research have been very largely defrayed by a grant from the 
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CALORIMETRICAL EXPERIMENTS ON WARM. 
BLOODED ANIMALS. By A. V. HILL, M. A., Fellow 
of Trinity College, Cambridge, anv A. M. HILL, BSc. LonD., 


Newnham College, Cambridge. 
(From the Physiological Laboratory, Cambridge.) 


1 types of calorimeter bave been designed for 1 the 
total energy exchanges of small warm-blooded animals, of which instru- 
ments a good description has been given by Rubner’.. Among them 
may be mentioned Lavoisier and Laplace’s ice calorimeter, Lavoisier 
and Crawford’s water calorimeter, the air calorimeters. of Geigel, 
d’Arsonval, Richet, and Haldane, and the respiration calorimeters of 
Rubner and of Attwater and Benedict, Most of these are complicated 
to work, and some of them are not very accurate. Now in all nutrition 
- work” it is advisable, whenever possible, to make the results. statistical 
in nature, by reason of the very great variability of the material used. 
Experiments which are complicated and difficult to perform can seldom 
be carried out on a scale sufficiently extended to satisfy the doubts of the 
statistician: it is therefore desirable in experiments performed upon 
the total evolution of heat by animals, to avoid excessive labour by 
using a calorimeter which shall work automatically over long periods, 
with some considerable degree of accuracy and simplicity. It occurred 
to us that the main difficulty of such experiments, viz. loss of heat by 
conduction and radiation, might be avoided by the use of large Dewar 
flasks as heat-insulators in which to keep the animals during the 
experimental periods. Adopting their use, the first problem that 
arises is how to collect and estimate the heat given out by the 
animals—the Dewar flask is so perfect a non-conductor that unless 
some measures are adopted for taking away the heat formed it will 
practically all remain in the flask, and in a short time the animals will 
die, The natural suggestion was that the animals should be kept cool 
by a stream of air passing into and out of the flask, that the rise of 


Tigerstedt’s Hab. d. physiol. Methodik. . “‘Biokalorimetrie.” 
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temperature of the air passing through the flask should be measured 


by a thermo-electrio arrangement, and that this rise of temperature 


multiplied by the rate of flow of the air and an appropriate constant 
would give an exact measure of the heat- production of the animals. 
Simple quantitative considerations however showed this idea to be 
absolutely impossible: a rat of 100 gms. gives out approximately 
20,000 calories per day’ , say 1000 calories per hour, say 0°2 calories 
per second. It requires only 6˙8 cal. to warm 22°2 litres of air 1°C. : 
supposing the outgoing air were 4° C. warmer than the ingoing air, this 


allows us to carry away 27 cals, with 22 litres, or about 1 cal. per litre : 


hence even for a rat of 100 gms. we should have to force in about 
200 cc. of air per sec.: such a quantity would be very difficult to 


regulate in a 3 or 4 litre flask, and moreover the “draught” would 


be very unpleasant for the animal. For short ‘periods of course an 
animal can keep itself cool by evaporation, and the heat it gives out 
can be measured by the extent of this evaporation. Such a method is, 


however, quite out of the question in long experiments. Another, and 


the final suggestion, was to circulate water inside the flask in a metal 
tube, so as to take away the heat liberated, and to measure the 
beat liberated by means of a thermopile or thermocouple registering 


the rise of temperature of this water. The rate of flow of the water in 
c.c. per minute, multiplied by the difference of temperature in C. 


between the ingoing and the outgoing water, would give in gram- 


per witouts the rate of eet of the salinal: ‘Several 


little mechanical difficulties were found in the development of the idea, 
but after these were overcome the method was found to work perfectly. 


In the stage which the apparatus has now reached all the manipulation 


required is: 


J) to turn on two taps, one to provide air, and the other the water 


for collecting and measuring the heat : 
| (2) to measure the (absolutely constant) rate of flow of the water 
through the coil of tubing inside the flask : 

(3) to place the animals in a zinc cage inside the i ee 

(4) to connect up a self- recording galvanometer: and 

(5) to find the area of the curve marked out by the e 
and to multiply this by the rate of flow of the water. 


The number so obtained, multiplied by an appropriate constant, i is ae 


the total heat produced by the animals; thus with, at the most, 


30 mins. labour one may obtain, oorrecb to about e dee ben 


Throughout this paper calorie means gram-· oalorie. 
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HEAT PRODUCTION. 


given out in 24 hours by one or more rats, mice or other small animals, 
up to the size of a guinea-pig: The experiment may moreover be 
_ continued for any period desired even to several days, with no more 
trouble than that of changing the paper in the recording galvanometer 
every 24 hours. 

The body of the calorimeter has consisted, in every case, of a 
cylindrical, silvered, double-walled vacuum flask’. Altogether four 
calorimeters have been constructed, two of 8 cms. internal diameter 
and some 40 to 45 cms, depth, one of 14 oms. diameter and 50 ems. 
depth, and one of 16 cms. diameter and 60 cms. depth. The smaller 
ones have been used for mice or individual small rats: the larger ones 
for one or more large rats, or other animals. Unfortunately the largest 


_ flask broke before it had been long in use. It was too large to bear 


safely, when lying in a horizontal position, the weight both of tubing 
and animal. The flask of 14 cms. diameter has however been in use for 
six months. In constructing the calorimeter the flask is laid hori- 
zontally in a box filled with sawdust, with its open end sticking out one 
or two cm. through a hole in the wood, and is there fixed by stuffing in 
cotton-wool tightly around its neck. The sawdust and cotton-wool serve 
beth to save it from shocks, and also to shield it from temperature- 
changes outside. Such shielding is of some importance, for the vacuum 

between the walls is never so complete that one may afford to expose 
the-outside wall to considerable changes of temperature. In order to 
avoid errors due to conduction through the walls and across the 
“vacuum,” we have adopted the further device of passing the coil of 
tubing conveying the water around the outside of the flask, before 
passing it around the inside. It is always possible that this water, 
which flows from a tank, through a copper- or lead-coil inside the flask, 
may be 2 or 3°C. cooler than the room: in this case if the outer wall 
were allowed to be at the unknown and variable temperature of the 
room and the inner at the temperature of the water-coil with which it 
is in contact, there might be a considerable and incalculable error due 
to the loss of heat through the “vacuum.” Seeing however that the 
water, before passing into the flask, flows through a coil of 20 to 40 turns 
of thin lead-tubing coiled around the outside of the flask, it follows that 
the outside is preserved very nearly at the temperature of the inside’, 

so that loss of heat by conduction through the vacuum must be small. 


of Berita. 

hee of ofthe water, oni through the wi 
is rarely more than 1° C. 
| 6—2 


é 
y 
— 
19 
ol 
‘ 
. 
= 
ts 
+ 
E 
* 
* 
ra 
a ‘ 
1 
ve 
12 
3 
1 


6% 4. Au 4. MV. ATL. 


Moreover, any heat loss which still occurs is now calculable; such heat 
loss must be proportional to the average difference of temperature 
between the inside and the outside walls: the average inside tempera- 
ture is the mean of the temperatures of the ingoing and outgoing waters, 


At say: the outside temperature is II, viz. that of the ingoing water: 
the difference between these, viz. 7" 75 1 4, is half the quantity — 


observed at every moment with the thermopile: thus the heat-loss is 
calculable, being simply the product of 3 (J. — I) and a coefficient of 
heat-loss which can be determined by experiment. | 5 


Fig. 1. Horizontal section of calorimeter. V, V, V, y, V vacuum between walls „ 
cylindrical Dewar flask. A incoming water, from tank. Dears eee e 
tubing wound around the outside of the flask, K junotion between outer lead tubing 

and T-piece E,. Ei and E, inlet and exit ‘T-pieces containing T the thermopile 

H, H coil of lead tubing inside the flask. B exit pipe for water to tall into a sink. 

1 G self-registering galvanometer (‘ thread recorder ). 


The tubing used to form the inside and the outside Gil should be 
of lead (composition), of inside diameter 3 or 4mm. Copper tubing 
was originally tried, as being a better conductor of heat, and is still in 
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use in one of the smaller flasks: there was found however to be no 
particular advantage in its use, and it is not easy to bend it to the 
required shape, In winding the inside coil of tubing a cylinder is first 
prepared of perforated zinc and of the appropriate size, say two-thirds 
the length of the flask and 10 mm. less in diameter. On this the lead 
tubing is wound tightly and the whole is then inserted right up as far 
as it will go into the flask, which it should fit exactly. To hold the 
animals another cylindrical zinc cage is made, of approximately the 
same size, only a shade smaller: it can thus be slipped in and out of 
the first zine cylinder, which remains fixed inside the flask. The outer 
tubing (D, D, D, D, Fig. I) is wound directly on to the outside of the flask : 
one extremity of it, A, passes to the water reservoir, and the other, K, 
is connected to the inside coil, H, by means of a glass T- piece, E, which 
also holds one end of the thermopile, 7. The other extremity of the 
inside coil is connected to another T-piece, E., which holds the other 
end of the thermopile, and through which the water passes away to the 
sink, or to the measuring cylinder. , 

In order to obtain water at an approximately uniform temperature 
to circulate in the coils we have erected a large galvanized-iron tank, 
into which water is continually running from above, and keeping at a 
constant level by means of an overflow pipe. Water is taken from the 
bottom of this tank, and found to maintain a very uniform temperature 
over long periods. The tank is much higher than the flasks, so that a 
head of water of some 180 cms, is available for forcing water around the 
coils. The tubes which lead the water down from the tank to the coils, 
and from the coils to the sink should be narrow, and preferably of lead, 
not of broad glass or metal tubing. This is of great importance; 
in wide tubes gas-bubbles will collect, of varying size, the water running 
round the edges of them. This leads to a large fall of the pressure 
available for forcing the water along, and may cause variations as large 
as 50% in the flow. Such variations of course render the whole 
method perfectly hopeless, for the latter is based on the constancy of 
the water flow. By using narrow lead or glass and rubber tubing we 
have often secured a constancy of the water flow to within about 0-1 / 
over periods of 24 hours, and always a constancy to within about 1°/,. 
This is all that can be desired, so that absolute confidence may be 
placed in the constancy of the water flow, and readings made merely at 
the beginning and the end of an experiment. The rate of flow can be 
varied by varying the head of pressure available: this is done simply 
by raising or lowering the end B of the rubber and glass tube from 
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which the water, having traversed the whole system and passed through 
the second T-piece and over the warm junctions of the thermopile, falls 
finally into the sink. 

As described above, the coil of tubing D wound around the outside of 
the flask is connected at the end A by a short piece of rubber with a 
clamp on it, to the lead pipe bringing down the water from the tank. 
At the other end K it is connected to the coil of tubing H inside the 
flask, which coil in its turn is brought back and connected through the 
T. piece T. to the pipes B taking the water to the sink. The T- pieces 
Ei and E, are necessary for the introduction of the two ends of the 
thermopile into the stream of water, which runs around them, the outer 
ends of the T-pieces being blocked up to prevent the water from 
escaping. The inner ends of the thermopile, where the rise of tempera- 

ture of the water is measured, are some 8 to 10 cm. inside the flask. 

The construction of this thermopile, ita insertion into the stream of 
water, and the blocking of the ends A provided more difficulty than all 
the rest of the construction together. For the preliminary experiments 

a sensitive mirror-galvanometer was used to record the current obtained 
from the constantan-copper junctions: and with this, a single thermo- 
couple provided ample x. M. v. to carry out the experiments. This was 
made in two or three minutes with fine copper and coarse constantan 
wire, soldered at their ends and shellaced. It took up so little space 
that a T-piece of 4 mm. inside diameter could be used, and after 
insertion of the thermocouple, its ends filled up with plasticine. This 
was very simple and satisfactory, and all the preliminary experiments 
were made with it. It was obvious however that if the calorimeter — 
was to be worth anything in practice it had to be self-recording. A 
continuous record of the current through the galvanometer might, no 
doubt, have been made photographically, This would, however, have 
been very cumbrous and expensive, and the course of the experiment 
would never have been visible till after the development of the paper 
or film. The idea of photographic registering was therefore discarded, 
and after preliminary experiments had rendered it certain that the 
method would work, a “thread recorder,’ an automatic registering 
d’Arsonval, was obtained by Dr F. G. Hopkins for these experiments 
and others, from the Cambridge Scientific Instrument Co. by means of 
a grant from the Royal Society. This thread-recorder makes it possible 
to take automatically a reading of the current from the thermopile 
either every half minute for 12 hours or every minute for 24 hours, 
after which another sheet of paper may be inserted, and the record 
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continued, The water flow may be started, the recorder connected and 
wound up, and the whole apparatus left till the end of 24 hours, when 
the temperature record is found on the paper. The record also, at any 


time of the previous 10 hours, is always visible, which is a great 


convenience: and the rate of heat production at every moment can be 
calculated. There is, however, one disadvantage to its use: it neces- 
sitates the use of a thermopile of four to six pairs of junctions, instead 
of a simple thermocouple. With the most sensitive form of “thread 
recorder,” that in which the suspension of the moving coil is a quartz- 
fibre, a constantan-copper thermocouple provides a deflection of about 
16 mm. per1°C. It is undesirable, as preliminary experiments showed, 
to warm the water inside the flask more than 1°C. In the first place 
larger differences of temperature between the inside and the outside 
faces of the flask cause errors due to conduction and radiation: the 
differential arrangenient eliminates these largely but certainly not 
completely. Secondly, it is desirable to have a fairly rapid water flow 
in order to secure constancy thereof: and finally, for reasons given 
below, it is simpler that the air supplied for the animals to 
breathe should not have its temperature noticeably raised in 
passing through the calorimeter. It is therefore desirable not to 
have a temperature difference of much more than 1°C, between the 
ingoing and the outgoing water. The possible error in reading the 
record of the thread recorder is about one-half to one-fourth of a mm.: 


075 mm. in 16 mm. is about 3%, and a possible 3% error is not good 


enough. For the preliminary experiments with the mirror galvanometer 
we knew that an accuracy to within about 1 or 2% could be obtained 
with the whole process: to destroy this accuracy by a possible error of 
3% in one stage alone, would have been a pity and could be avoided. 
It was necessary however to use a thermopile of several junctions: for 
with a thermopile of say six junctions! there would be a sensitivity of 
1°C.=80 to 90mm, and reading to 05mm. this would mean an 
accuracy to within about 0°5.°/,, which is quite sufficient. But with 
the construction of this thermopile began the only real difficulties 
experienced. In the first place the thermopile had to be fairly small, 
in order to get into the T-pieces (the use of very large T-pieces being 


impossible). Its separate wires had therefore to be bound closely 


together, This led to short-circuiting between the wires, which being 
immersed in the water had their insulation of shellac destroyed. By 


electron rerstance ofthe thermocouple of six junctions finally constructed was 
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the use of the following method however the difficulty was finally 
overcome. Six separate thermocouples as shown at A, in Fig. 2 were 
~ made of silk-covered constantan and copper wire. These were shellaced, 
and wound over from top to bottom with silk, and finally shellaced 
again and baked. The six were then bound together and shellaced, 
and their copper terminals soldered together in series as in the figure 
at B. After dipping the thermopile several times in hot melted 
paraffin-wax it was ready for use. The paraffin was used to perfect the 
insulation from the water. Another difficulty was experienced in fixing 
the thermopile fast in the T-pieces at the ends of Ei, E. (Fig. 1). In 
the first place, owing to the fact that the thermopile was made up of 
12 separate wires, it was difficult to block up every separate hole 
between the wires, so that the water usually escaped between them. 


(Cu 


Fig. 2. Method of constructing the thermopile. 4 simple thermocouple, of copper and 
constantan, B three thermocouples in series, insulated with shellac and silk. These 


are then further tied together, and insulated with shellac and paraffin-wax. The 
actual thermopiles used each contained six thermocouples in series, and not three. 


- Moreover, plasticine no longer held the water back, as it did previously 
with the single couple, owing to the much larger cross-section of the 


end A of the T-piece. Many attempts were made to fill up the ends 


with hot beeswax or paraffin: these however all failed, because the wax 
contracted on cooling and left spaces for the water to éscape. Finally 
however these difficulties were overcome by the use of rings of india- 
rubber tubing. The thermopile was first dipped several times into 
paraffin-wax, until it had on it a fairly thick coating which filled up 
all the crevices between the wires. Over this paraffin were slipped 

rings of thick rubber, and the whole was then forced into the ends of 


the T-pieces. The rubber and paraffin together hold the thermopile 
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quite fast and e The two copper terminals of the thermopile 
are fixed to two brass terminals, stuck into the wooden box holding the 
flask: the wires to the galvanometer can be screwed down to these. 


The degree of insulation obtained by this method of fixing up the thermopile is 
remarkable. The thermopile used in the large (14 om. diameter) flask was of resistance 


(a) in July, 1912, before putting it in the water 6°107 ohms 
(6) in August, after putting it in the water 4 
in September “ad 6˙101 „ 
(e) in January, 1918 6-008 „ 


of the smaller which has been used in these experiments had 


la) in October, 1912, of 5-005 ohms, | 
and (b) in January, 1918, of 4-998 ohms. 


This degree of constancy is absolutely sufficient: 1 
tion as practically complete, even if the thermopile remains immersed in water for five 


months. 

The T- pieces containing the thermopile have been held firmly in 
the flask by the aid of plasticine. 

The open end of the Dewar flask has been stoppered up by a large 
cork, containing two glass tubes to allow the air, necessary for the 
animals to breathe, to pass in and out. The cork has been held in 
position and been rendered completely air-tight around its edges by — 
the use of plasticine. Of the two glass tubes, the one which allows the 
entrance of the air passes right up the calorimeter to the innermost 
end: the other, which takes away the air, terminates just inside the 
cork. By this means a flow of air is kept up along the whole length of 
the ‘flask, and the greatest economy in the air supply is obtained. The 
air itself is sucked through the flask by a filter pump attached to a tap 
in the sink: if this pump fails to carry through any air when the inlet 
tube through the cork is closed it shows that the apparatus is completely 
air-tight. In the experiments given in this paper one condition has 
always been observed: the air is sent in saturated with moisture. 
This greatly simplifies the estimation of the heat-production, for evapora- 
tion of water in the flask is now impossible. If the animals evaporate — 
in their lungs, the expired air is cooled again in the flask, and the 
contained moisture is deposited as water on the walls and pipes. Any 
heat therefore which has been lost in evaporation is regained in con- 
densation. The air is not appreciably warmed (more than about one or 
two degrees centigrade) in its passage through the flask, and therefore 
cannot contain much more moisture on going out than on going in. 
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This avoids the estimation of ingoing and outgoing water-vapour, which 
_ would add to the labour of using the apparatus. The air, which comes 
into the flask from the room, is sucked first through three bottles con- 
taining water. By this means it is saturated with moisture. 


It should be noted that this method of conducting the air supply is not essential, and 
/ in very exact experiments would be inadvisable for, as will be seen below, it is liable to a 
certain degree of error. The amount of the air supply must be regulated by the fact that 
it is not advisable to allow the CO, in the air breathed by the animals to reach a value of 
more than 1 % 1 22 litres of CO, come from the oxidation of 30 grms, of carbohydrate. 
A 100 grm. rat gives out approximately 20,000 cals. per day when fasting, which is 
equivalent to about 5 grms. of carbohydrate, i.c. to 3°6 litres of CO,. It is necessary 
therefore to supply the animal with at least 860 litres of air per day, in order to keep the 
00, down to 1%). Thus if we supply the animal with 500 litres per day we shall be 
safely within the limit. Now it is possible that these 500 litres may at times be warmed 
as much as 8° C. in passing through the flask: taking this outside limit the air may take 
away calories, ic, 464 cals. por day. Thus even if the greatest possible error 
ocourred it would be not much more than 2 0% of the total quantity estimated. Direct 
control experiments however have shown that it is not so great as this, and in fact have 4 
failed to detect it at all. It has therefore been assumed that the loss of heatin the ar 
current is negligible, Another possibility of error is that the air coming in is not com- 
pletely saturated with water. Let us suppose that the air is only 96 % saturated. The 
amount of moisture in 600 litres of saturated air at 16° O. is 6°86 grms.: 6 % of this is 
0-818 grm. The amount of heat which is absorbed on the evaporation of 1 grm. of 
water is about 580 cals.: the evaporation of 0818 grm. would absorb therefore 185 cals., 
i. e. about 1 % of the total heat liberated. It is unlikely again either that the air, if 
unsaturated when it went in, would be completely saturated in going out, or that the air 
is less than 96 0% saturated on going in. Thus again the error is probably smaller than 
the calculated 2°/,. Finally it may be urged that, even if saturated air is provided the 
outgoing air is slightly warmer than the ingoing, and so is capable of taking up more 
water. In point of fact 500 litres will take up 6°75 grms. at 16° C., and 5°62 grma,, at 
18° C., a difference of 1:13 grms. This might lead to a loss of something like 656 cals., 
i.e. about 3 % of the whole quantity estimated. There is thus, in the simple method of 
air supply adopted, the possibility of errors amounting to as much as 6 % of the quantity 
measured. The actual error is probably considerably less, for every one of these calcula- 
tions is based upon extreme cases. Anyhow, the error must not be laid to the charge of 
the calorimeter, for it would be avoided at once by measuring the water given out as 
vapour by the animals, and by ensuring that the air did not come out much hotter than 
it went in. In the present experiments however this has not been done, partly because 
it is not necessary to have extreme accuracy for them, and partly because they are all 
comparative, and therefore the errors are much the same in all. Of the experiments 
given here however the air supply is certainly the weakest point, and has led to the 
greatest possibility of error. . 


One virtue of this type of air supply is the fact that without any 
serious changes simultaneous observations can be made of the CO, out- 
put of the animals: all that it is necessary to do is to put two sulphuric 
acid bottles and two soda lime bottles in the order named in the path 
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of the outgoing air, the increase in weight of the last two accounting 
for the CO, given out. 

Let us turn then finally to the registering apparatus, As pointed 
out above, we can trust absolutely to the constancy of the rate of flow 
of water through the coil inside 55 calorimeter. For example, the 
following results are typical: 


10.46 a.m, 2.45 p.m. 8.16 p.m. 
“Rade of flow, 00. Per n. 40015 45-7 45-8 
‘Dime 9.50 a.m. 1.0 bm. 47pm. 
Time 2.0 pm. 10 m. 
Rate of flow, o. 0. per min. 462. 46:0 
(2) Time 1 p.m. bpm. 
Rate of flow, 0. o. 58-4 53-8 


It is only necessary therefore to obtain a continuous record of the 
rise of temperature of this water. By means of the thread recorder an 
observation can be made every minute or half minute as desired. A 
typical curve is shown in Fig. 3. Before the experiment and after, the 


Wig. 8. 


8 the galvanometer is taken by disconnecting the latter from the 
thermopile. The line at the bottom of the paper represents this zero. 
The vertical height of the curve above this line then represents at every 
moment the difference of temperature between the ingoing and the 
outgoing water. The curve, as is seen, is usually a very irregular one ; 
this is due to the animals moving about irregularly, eating, fighting 
with one another (if there is more than one animal inside), or going to 
sleep. In order therefore to obtain the total heat-evolution during any 
period it is necessary to find the average difference of temperature 
during that period. This is best done by finding the area of the curve 
in sq. mm. and dividing it by its total length in mm. The result is 
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the average vertical height in mm. during the period considered. This 
‘height has then to be interpreted in C., which is done by the calibra- 


tion method described below. The area of the curve has been found 


by weighing it: the weight being m, and that of the whole sheet being 
M, the area is -m/M 34,000 sq. mm., the area of the whole sheet being 
34.000 sq. mm. It can be better found by the aid of a planimeter 
which we have now obtained. The calibration method is as follows. 


A current of known fixed E M.., measured very accurately with a volt⸗ 


meter, is passed through a resistance, also measured very accurately. 
The resistance is made of thick silk-covered constantan wire (being of 
cConstantan wire its value is almost completely independent of its 
temperature) and joined to thick flexible insulated copper wire. It 
is either inserted into a bottle of distilled water (through which the 
current cannot appreciably short-circuit), or else wound on a glass tube 
and insulated with paraffin and shellac, in order to give it a larger area 
wherefrom to conduct away heat to the coil of water tubing. The 
resistance and the size of the bottle are so chosen that with 4 volts 
applied the bottle’s temperature finally reaches about 38°C. so that 
the system represents very well the exact conditions under which the 
experiments are carried out, viz. animals at about 38°C. in the flask. 
Any small errors which arise in one case will arise also in the other, 
and so will be controlled. One resistance we have often used has been 
3978 ohms, of which the leads (outside the calorimeter) represented 
‘03 ohm. The E. M. F. being 4 volts this would lead to a production of 
heat of | | 


calories per 3 or 82,900 calories per day, which is approximately 


the heat given out by 150 grms. of mice. Various other resistances 
also have been used. A very constant current can be obtained from 
two large 2 volt accumulators. The current is passed through the coil 
until a constant reading is obtained on the thread recorder. In this 
case the reading in mm. multiplied by the observed flow of water in e. o. 
per minute, is equated to the heat-production (¢g., 57°6 cals.) caleu- 
_ lated from the Ek. M. F. and resistance, The result gives the value of 
1 mm. on the scale of the recorder in O., after all corrections ‘for 
heat-loss have been automatically made. In the case of the smaller 
flask seven of the latest determinations of the value of 1 mm. galvano- 
meter deflection in °C. were, successively, 0143, 0133, 0145, 0146, 


0142, 0140, 0138. The mean value of these is 0141 C., and the 
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average error is only about 2°2°/;. With the e flask eight deter- 
minations were 01685, 01655, 0167, 0163, 0167, 0169, 0168, 0162. 
The mean value is 0166 C., and the average error amounts to only 
13%, These experiments were all made under very much the same 


conditions as when a live animal is in the calorimeter: the flasks were 


stoppered up and made air-tight, and in some cases the air supply 
was passing. (It was found, however, that the latter had absolutely 
o influence on the result: see below.) Apparently, therefore, neglecting 
the errors due to evaporation described above, the method is capable of 
obtaining results on the average, correct to within 2°/,. The virtue of 
the particular method sketched here of calibrating the thermopile, 
galvanometer and flask together by a direct experiment, is that the 
calibration takes place under the very conditions of the experiment; 
thus errors which arise every time are controlled and eliminated. For 
example, (a) the heat capacity of 1 c.c. of water at 20°C. is not quite 1: 
(b) there is a heat-loss through the walls of the flask, as described 
above: (o) the thermopile in the stream of water may not be absolutely 
at the temperature of the stream, because of conduction outwards, 
so that if calibrated by measuring the k. M. F. per 1°C. of the thermopile 
there might be a slight difference of reading. All such errors as these 
are avoided by the use of this method of calibrating under experimental 
conditions. Further, the apparatus can be calibrated whenever de- 
sired without taking it to pieces, which is a considerable advantage. 
Several experiments have been performed, both with the galvanometer 
and the “thread recorder,” in order to verify the accuracy of the relation 
deduced above, viz. that the amount of air necessary to keep the 
animals normal will not take away any appreciable quantity of heat 
and therefore that the air supply need not lead to any appreciable 
errors. In the calibration experiments given below the value of 1 mm. 
on the recorder scale in °C was found to be quite independent of 
whether air was passing or not. (Exps. 3 and 4 are earlier ones, 3 
with another thermopile, and 4 with a mirror galvanometer.) : 
Number of experiment 1 2 8 el 
Air passing, 1 mm. 901499 C. 01447 C. -0129°C, 900688 O. 
„ 014070, 01441 0. 0129° C. 000688 C. 
Provided therefore that the air supply is not unreasonably large 
there will be no appreciable error due to the entire neglect of the heat 
carried away by the air itself. Of course this has no influence on any 
error due to evaporation, which in the calibration experiments could 
not take place at all, and can only be allowed r 8 by estimating 


the degree of the evaporation. 
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i would be possible, by replacing the filter pump with a closed pump, and by — 


cireulating the air round and round, to estimate the oxygen used as well as the OO, 
produced: for the whole system would then be completely closed and the loss of oxygen 
could be measured. The filter pump is not satisfactory for this, as the water may take 
up or give out oxygen. Ar yet, however, we have had no time to design any simple 
. completely closed pump, to circulate the air, so that simultaneous observations of the 
oxygen used. have not been made. 

In order to get absolute results in the measurement of the heat- 
production it is nevessary to estimate very accurately in absolute units 
the currents and resistances ‘used in calibrating the calorimeter. With 
the resistances, which being of constantan are the same when hot as 
when cool, there is no difficulty. The EM. y.s have always been 
measured with a voltmeter—a microammeter by Paul with resistances 
from 50 to 100,000 ohms—which has been very carefully calibrated for 
the purpose with a cadmium cell. Very accurate observations of the 


E. M. F. are necessary, for its value occurs as a square in the expression 


for the liberation of heat, so that any error of observation is doubled. 


EXPERIMENTAL RESULTS. 


The experiments were directed towards elucidating two points: 0 


the relation between heat-production and body-weight (or body-surface), 
and (b) the somewhat curious fact described by Hopkins! that two or 
more young animals grow faster when together than when kept sepa- 


rately. Incidentally the effects of food, in increasing the metabolism 
of rats kept at 15 C., has been found. This fact, accepting Rubner's 


results on the “ specific dynamic energies ” of foodstuffs, seems to con- 
firm the results of (a), viz. that in animals of one species the total 
metabolism is not determined solely by the body area. 

In the first place it should be noted that in all these experiments, 


which have extended over 5 months, the conditions have been kept very : 


uniform. The temperature has seldom varied more than 1°5°C. from 
the mean, and all the observations have been made upon animals placed 


in the same or a similar zinc cage, in the dark, and with a sufficient : 


air supply. One of the main causes of variation in the total heat- 
liberation per 24 hours is the giving or the withholding of food. The 
total energy-exchanges are considerably higher and more irregular in 
animals which have been recently fed, than in animals which have 
fasted for (say) 24 hours. This fact will be considered in more detail 
below (Table II), but it must be remembered in a treatment of the 


| be described. The heat-production in all 


I This Journal, uv. pp. 427, 498, 1912, 


. 


C3 
2 
4 


3 
— 

q 5 

+ 
4 
“a 
7 
2 4 
* 
K. 
= 
te 
2 2 
4 
» 
71 
* 
1 
: 
2 
“* 
ag : 
* 
K. 
4 
| 
1 
| 
. 
; 


HEAT PRODUCTION. 05 


experiments in Table I has been estimated in animals which have 
already been kept without food for 24 hours, and their weights were 
always taken immediately before the experiment began. By such 
means constant conditions are much more readily obtainable. It has 
been generally held since Rubner’s work? on the relation of total 
metabolism to size, that the heat production of a warm-blooded animal 
is directly proportional to its body surface, the number of calories 
produced per sq.cm. per day being about 100. This “law” is 
reasonable, and obviously in many ways accords with the facts: doubt 
has however been thrown on its universal and exact validity. For 
example, Hopkins states* that his experience in dieting young rats 
leads him to the conclusion that the demand for maintenance is more 
nearly determined by the live-weight than by the body-area The 
body-surface has been assumed to be proportional to the J power of the 
_ body-weight*, so that if H is the total heat set free by an animal of 
weight W, we should expect on Rubner’s and Meeh’s hypotheses that 
the ratio H/W# would be constant. In order to test to what degree 
Meeh’s formula for the relation between surface and weight is correct 
in the case of the particular rats used we have made the following 
experiments. Five rats of weights 50°5, 62, 76, 82 and 129 grms. 
respectively were killed, and the areas of their skins measured and 
found to be 131, 162°5, 171˙5, 194, and 251 sq. cms. respectively. The 
ratios of surface to weight, S/W, are in order, 2°59, 2°62, 2°26, 2°36, 1-94: 


while the ratios 8/ WI are 9°60, 10°37, 9°56, 10°27, 9:86 respectively. 
The latter ratios exhibit no considerable variations, so that one may 
- reasonably assume the constancy of the ratio of the surface to the 3 
power of the weight. In this case the ratio of heat-production to 
- body-area is well represented by E / VI: or in absolute units, calories 
per sq em. (using the mean value 100 for the ratio S/W), by the 
quantity H/ Wi. 

In all the following experiments of Table I are given (i) the weight 
ob the animal after a 24 hours’ fast, (ii) the temperature of the calorimeter 
during an experiment, (iii) the time of year, (iv) the heat-production 
H calculated per grm. of body-weight, (v) the heat-production cal- 
culated ie. H / Vi. 

The . 24 hours before the experiment r and 


especially E. Volt, Ztechr. f. Biot. xuz. p. 120. 1901. 
2 This Journal, xutv. p. 445. 1912. 
8 Meeh. Ztschr. f. Biol. xv. p. 426. 1879. 
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in nearly. every case the latter was continued for 24 hours. During 


this second 24 hours’ fast the heat-production is generally very 
regular, and does not fall noticeably. It represents the maintenance” 
heat-production of the animal, necessary either to keep the animal 
warm, or as a consequence of the inevitable fasting metabolism of the 
living tissues. The fact that much. larger quantities are obtained 
when the animals. are fed shows how important it is to use certain 
standard conditions in investigating such problems as these. 


In the following Table are given all the experiments (30) performed 
in this connection. There has been no selection of the experiments in 
order to obtain regular results. We have given thé values both of the 


ratio of heat-production to body-weight, and of the ratio H/ wt. The 

experiments have been divided up into three groups, corresponding to 
TABLE I. Weight in grms.: heat-production in grm.-calories. 

Weight of animal 50˙5 62 70 71 76 78 82 875 


Temperature 14° 11% 18? 16° 
Timeofyear Aug. Aug. Dec. Deo. Aug. Dec. Aug. Oct. 
124 13540 1279 1297 1500 1487. 1497 1580 
H/ 825 300 3811 314 355 3887 3483 8343 


Weicht ot anima! 96 103 108 117 118 118 1925 1% 197 129 120 


Temperature 14° 10% 1% 128? 18 14% 15% 
Tims of year Oct. Nov. Ang. Nov. Sept. Nov. Sept. Nov. Oct, Nov. Aug. 


HiWt 846 967 884 980 940 1194 960 1170 917 1085 
H/ 229 180 206 171 200 192 241 198 162 2086 ˙5 


Weight ot animal 188 188 186 148 148 152 1585 168 175 191 285 
Temperature 14°5° 124° 15% 15° 128° 11% 14°5° 12°. 185°. 16% 125 
Time of year Oct. Sept. Oot. Oct. Sept. Oct. Oct. Nov. Nov. Oct. 

Hiwt 1126 1115 1168 1000 1055 1122 945 1100 1162 1160 1152 


221 219 206 192 200 1 177 204 208 202 187 


the weights of the animals, viz. (1) the smallest animals under 90 grins, ; 
(2) the medium-sized animals between 90 and 130 grins, and (3) the 


large animals over 130 

From this Table we see that the ratio H/ N is not very constant, 
neither is the ratio H/W very constant. We find that the ratio H/ wi 
in group (i) has an average 1400, in group (ii) 990, in group (iii) 1100. 


There are sufficient experiments in each group to make the average 


fairly trustworthy, so that one may safely conclude that the ratio of 
heat-production to surface is not constant, but shows variations as great 


as 40% of the whole. It is striking also that the ratio, as we increase 
the size of the animals, does not uniformly increase or decrease, but 
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fret 8 very considerably, and then i increases again, ene to a 
smaller value. 

The ratio H/W on the other band erbibits 3 certain 8 of 
constancy : in group (i) it averages 340, in group (ii) it averages 203, 
and in group (ii) it averages 2025. Thus in larger animals, those 
between 90 and 285 grms., i.e. from one-third to full grown, there is 
very exact constancy of H/W: the fasting heat-production is 
directly proportional to the body-weight. In the case of very 
small animals the ratio H / W is larger, partly we suppose because of the 
greater activity and restlessness of these young animals, and possibly 
partly also on account of their relatively greater surface. That it is 
not due only to relatively greater surface is obvious from the fact that 
| / W# for small animals, viz. 1400, is also considerably greater than it 
is for large animals, viz. than 1100. There must be some factor at work 
other than relatively greater surface, in order to bring the value of the 
fasting heat-production to such a high value for the small animal. 
This high heat-production must in fact be due to the animal being 
young, as well as to its being small. Indeed if we pursue the argument 


to its logical conclusion, and assume that the smallest ratio H/ V which 
can keep the animal warm is that shown by group (ii), viz. 990, then we 
must suppose that the starving metabolism of the young animal is quite 
independent (at 14°C.) of its heat loss, being on the average 40% 
greater than would be sufficient merely to keep it warm. , 
It is striking in this connection that the values of the heat-pro- 
_ ° duction per sq. em. of body-surface per day as given by E. Voit“, and 
deduced from Rubner’s and Meeh's hypotheses, agree very closely for 
various species of animals with the mean value 129 we have obtained? 
from Table I. For example, Voit found for the horse 95 cal,, for the 
hig 108 cal, for man 104 cal., dog 104, rabbit 78, goose 97, fowl 94, and. 
mouse 119. 

We come next to the effects of food upon the total 5 In 
the first place we have estimated the total heat output of animals 
which have been allowed to eat as much food as they desired during 
the course of the whole 24 hours of the experiment. They do not eat 
possibly quite as much food as normally, since they are in absolute 
darkness in the calorimeter, and no doubt their appetite is lowered by 
the fact that they spend most of their time sleeping. . 

1 
value of is 1287, from Table I. is 10-0, hence 1s is 128. 7 


or 120 approx. 
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however, they do eat as much as they desire, the darkness not direotly 
hindering them from finding the food. The results of these experiments 
are shown in Table II. The as in of 
I vas 14 C. 


“TABLE IL VVV 


of rats or mice living at about 14 C. in the dark. 


damp biscuit. | 
Number of 4 5 6 
Weight of rat 665 57˙5 80 6. 89 198 
400 4% 387% 248 
1324 16886 1761 1890 13590 1447 


These experiments should be compared with those in Table I, made upon rats of the 
game weights respectively. The ratios H/W would have approximately the following 
values in order, for fasting rats of the same weights: 360, 860, 340, 340, 340, 208. These 


letter values are on the average about 18 % lees than those for the animals which were 


8 Bars. 7 to 18. On mice, several together in the calorimeter In Exps. 7 and 8 


Number of experiment 8 10 ll 12 13 
Number of mice used 8 „ 4 4 6 
Average weight 6˙8 195 107 195 20 20% 
989 920 175 1496 1422 1755 1572 


A comparison of Exps. 7 and 8 with Exps. 9 to 18 shows at once that the total 
are allowed food. 


more still for mice. 


Let us turn next to experiments which show the gradual decline, 
and the fall to a constant value, of the heat-production of these animals 


after their last meal, and as fasting continues. 
From these experiments we see that the fall which comes on during 


fasting in the rate of total heat-production lasts for about 24 hours, 
and that then the heat-production remains pretty constant. It is of 


course true that this fall appears rather larger here than Table II 
might lead one to expect. This is no doubt due to the fact that the 


animals become more quiet and contented in their new e as 


From Table II we see that animals which have been fed ee the 

experiment, although they have not eaten very large quantities, show 
considerably more heat production than do fasting animals under 

identical conditions—as much on an average as 18 ‘fs more for rats, and 
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time goes on. That the whole of the fall is not due to this latter fact _ 
is shown by the curves of total heat-production of animals which were 
placed in the flasks after they had already fasted for 24 hours. 
In the sixth eight hours after fasting began, ie. in the third eight 
hours in the calorimeter, the heat-production was (in 16 experiments) 
only about 10% less, on an average, than in the first eight hours in the 
calorimeter. This 10°/, fall is much smaller than that occurring in 
Table III. so that accommodation to their surroundings in the calorimeter 
does not explain the total fall in metabolism during fasting. The 
results given in Table II show a 13 °/, fall in metabolism during fasting : 

no doubt, but for the fact that the animals became quieter in their new 
| surroundings, Table III would show about the same figure. 


oe 1, Three rate together, 95, 89, and 82 grms. respectively. In successive periods 
of seven hours the heat-production reckoned in calories per grm. per day was 208, 187, 
182, 178, 176, 176: it will be observed that after about 24 hours the hest-production 
became constant at about 15°/, less than the original value. | 


‘ | “Exe. 2. Two large rats, 199 and 214 grms., together. 5 
With cal. por grm. per day | 
First ‘day's ust 
Second daya fast t 468 „ „ 
1 fall in the total metaboliam of over 38 
Exe. 8. Three large mice at 16° C.: average weight 26-5 grms. before starving. In 
successive periods of eight hours after their last meal the heat-production reckoned in 
calories per gr. per day was 482, 868, 829, 287 respectively, a total fall in a day of 88 /. 
Exe. 4. Three young rate at 14°5° C.: average weight 54 grms. before starving. R. -. 
in successive periods of eight hours, 249, 225, 194, 186, 198, 184. The mean of the last 
three periods, viz. 189, is 24 °/, less than the original value. 


What then is the explanation of this fall? No doubt it can be laid 
to pet credit of the same factor as Rubner! bas described under the 
“specific dynamic energy of foodstuffs.” It should be noted 
ee that when the animal total metabolism is determined by its 
heat loss the “specific dynamic action” of foodstuffs has no influence on 
the total heat-production: Rubner’s* calculation (if the hunger mini- 
mum be taken as 100), that on a diet of protein the total heat-production 
would be 140, on a diet of fat 114, and on a diet of cane sugar 106, is 
concerned only with an animal living at an external temperature of 
330. In such an animal there is no need of any extra metabolism to 
3 Rubner. Energiegesetze, p. 146, eto. eit. 
7—2 
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100 4. J. HILL AND A. M. HILL. 
keep up tbe body temperature, the starving minimum for the life 


to be about 13% protein, 85 °/, carbohydrate, 2% fat. Assuming 
Rubner’s numbers for the specific dynamic actions of these several 


‘31 +85 x ‘06 + 2 x 18] per cent., ie. about 9%. This is actually less 


its total energy exchanges at 15°C., then we should expect that this 
13% produced by the “dynamic action of the foodstuffs” would be 


is not so used, that at 15°C. the animal gives out 13°/, more heat when 
fed, certainly confirms very strongly the conclusions following Table I, 


to, or determined by their body surface, but is a necessary consequence 
of the chemical activities of their tissues. 


in lowering their metabolism per grm. of body-weight per day. 


together in pairs than when kept separately. The explanation we have 
found of this fact is that animals when kept together give out very 
much less heat than when apart. If a young animal on a given diet 


of the heat-production is not quite obvious, but the fact itself is quite 
clearly shown in Table IV. In calculating the heat-production per unit 
area, from the formula H / , it is necessary to remember (a) that if 
several animals are present this gives the required quantity only if W 
is the average weight of one animal, and H the average heat-production 


all the animals used are of approximafely the same size. 
The average of H/W in all animals less than 90 grms. (group (i) 


(iii)) H [Wi is 171 instead of 203. It is seen therefore that in young 


* This Journal, p. 427. 1912 
p. 97, above. 


processes being more than sufficient for this latter purpose. The 
animals we used were fed upon biscuits, of composition we may assume 


constituents we should expect an extra heat-production of about [13 * 
than the value of 13% observed. The interest of this is considerable. 
Were the animal really dependent on its heat-loss for the regulation of 
used in place of other heat to keep the animal warm. The fact that it 
viz, that the heat-production of rats at 15°C. is not directly proportional —__ 
We come then finally to the effects of keeping several rats eee 


Hopkins’ has described an effect he has often observed with rats, viz. 
that with a given food consumption they grow better when kept 


gives out less heat, it will presumably have more food substance at its 
disposal for processes of growth. The explanation of this lowered value 


of one animal, and (b) that the formula is even then justifiable only is 


above) is here 206 instead of 340*; for all animals over 150 grms. (group = 


and growing animals the heat production of two or three animals living 
together is some 40°/, less than that of the same animals living apart. 
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HAT PRODUCTION. 101 
This enormous lowering of the heat - production means a very great 
increase in the possibility of growth upon a limited diet; in nutrition 
experiments therefore great care must be taken that animals either 
(a) always live in pairs, or (0) always live separately. It is noticeable 
that the effect of living in pairs is much less marked in large full-grown 
animals, for it leads to a fall of 1 about 16%, instead of — in the 


total 


TABLE IV. Heut. production of animals living together. 
Rata only were used. Each experiment lasted for 24 hours. The animals all fasted 
24 hours before the experiment began, as well as during the experiment itself. They are 


Number of experiment 1 2 6 
Number of rate used 4 3 3 2 2 2 8 3 2 2 


Average weight 52 84 B15 B55 89 150 190 1995 


H.-P, "ahaa 217 218 220 177 205 217 198 162 177 178 
Huy 801 805 895 762 891 958 862 862 1020 1000 


Now as regards the physiological explanation of this lowering of 
ee a very plausible explanation was originally suggested. 
Whether it will be found satisfactory, in view of the experiments 


described already in this paper, we very much doubt. When animals 


live together, especially in the dark, they present a very much smaller 
surface for heat loss than they do when living apart: in the dark they 
are usually nestling up against one another, and consequently lose less 
heat. Two animals curled up close together may roughly be taken to 
have the same surface as one large animal twice the size. If we 
calculate the value of the heat-production per unit of surface on this 


assumption we find, instead of the values given in Table IV, viz. 810, 


805, 895, 762, 891, 958, 862, 862, 1020, 1000, the values, 1283, 1160, 


1290, 957, 1120, 1207, 1240, 1240, 1283, and 1260. It is at once obvious 


that the latter values for the ratio of heat-production to body-surface are 
much more nearly like those given in Table I than are the former. 


The latter average 1204: the former only 887: while the average for 
all the values of E / Vi given in Table I is 1287. This fact suggested 
very strongly that in young animals the reason why there is less heat- 
production per grm. of body-weight when they are kept together than 


when they are kept apart, is that when together they present a ver 
much smaller surface for heat-loss. The main objection to this rather 
pretty hypothesis is that the results of all the other experiments in the 


seats are against the belief that the — of rats at 15°C. is 
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determined by a loss of heat proportional to their body-surface. If 


this latter is indeed the case, the foregoing explanation cannot hold. It 


is indeed possible that the reason for the low heat-production of animals 
living in pairs is that they are less active, that they sleep better, and 


are more comfortable if they have a neighbour. It seems to us that, 
all the facts considered, the latter hypothesis is the more plausible; and 
that the approximate equality of the two values 1204 and 1287 given 
above is no more than a coincidence, It may be however that at some 
temperatures the decrease of exposed area due to keeping animals 
together may have some considerable influence on the total energy- 
exchanges of the animals. 

But be the explanation what it may, the fact itself, the lowered 
heat - production of animals living in pairs, must be of importance in 
work upon animal-nutrition. 


In conclusion we may add that we hope in future to use this 


_ calorimeter for investigation of the total energy-exchanges of small 
animals under various conditions, external or dietetic. At present and 
for some time past, one of us (A. M. H.) has been using it for an investi- 


gation of the total heat-production of animals fed upon a 8 el 3 


free from various constituents ee, for — 


Conoxustons,. 


1. A 1 is given of an automatic 3 respira- 


tion-calorimeter for small warm-blooded animals, by the use of which 
it is possible to estimate within about 2°/, the total heat liberated by 
the animals. A complete record of the heat-production at every 

moment can be obtained for any period desired, up to several days. 
| 2. In experiments at about 15°C. upon fasting individual rats, kept 
without food for 24 hours before being placed in the calorimeter, it was 
found that the ratio of heat - production to body- weight (heat-production 
per grm.) is quite constant for all those rats which are more than one- 


third the size of a full-grown animal: for smaller animals than this the: 
heat-production per grm. rises rapidly as we take smaller and smaller : 


animals, and may be 70% greater than for grown animals. | 
3. The body-surface being & sq. cm. and the body weight being 


W grma,, the ratio 8 / Wi in rats is constant, and ae to the number 10: 
hence wi for rats. | 
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4. The ratio of heat-production to body-surface in fasting animals 
at 15°C, is not constant, being 140 cals. per sq. cm. for small animals, 
99 cals, per sq. cm. for medium-sized animals, and 110 cal. per sq. cm. 
for large animals. Any assumption that the heat-production of a rat 
at 15°C. is determined by the heat-loss is therefore unjustifiable. 

5. It is suggested that the very high value of the heat-production 
per grm. at 15°C. of rats which are less than one-third grown, is due, not 
to the fact that they are small and have a relatively larger surface, but to 
the fact that they are young: and that even though fasting the chemical 
activities of their tissues are higher than in older animals, and are more 
than sufficient to keep the body warm. 

6. Rats fed on biscuit at 15°C. give out about 13% more heat 
than similar animals fasting: as fasting proceeds after the last meal 
the heat-production per grm. falls continously for 24 hours and reaches 
then a constant value. If this 13% difference is due to the “specific 
dynamic action” of the foodstuffs (Rubner) its occurrence suggests that 
the animals are, even when fasting, giving out more heat than is necessary 
to keep them warm: in fact it supports the contentions (4) and (5) 
above that the total metabolism of a rat at 15°C. is not regulated by: 5 
heat - loss per unit of body - surſaoe. 

7. For animals kept together in twos or ‘threes in the calorimeter 
at 15°C. the heat-production per grm. is very much less (as much as 
40°/, in young animals) than it would be if the animals were kept 
separately. The suggestion that this lessening of the heat - produetion 


is due to the smaller area exposed to heat-loss, in the case of two 


animals resting close to one another, would account with some degree 
of accuracy for the degree of lessening observed. This idea is, however, 
not in keeping with conclusions (4) (5) and (6) above. It is suggested 
therefore that it must be due to the lessened activity of animals living 
in pairs, to the fact that they sleep and rest more quietly when they 
have a companion. Be the explanation however what it may, the fact 
itself must be of considerable importance in the breeding and nutrition 
of young animals: for with a given diet, if the heat-production is less 
when the animals live together, then under such conditions they will 
grow faster. That animals on a given diet do grow faster when 2 2 
together has already been shown by Hopkins. 5 
The thread secordes ettipboyed was obtained by Dr V. G. by wenns of 


grant from the Royal Society: 
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THE REACTION BETWEEN METALLIC SALTS AND 


TRE SOLUBLE CARBONATES AND ITS BEARING 
UPON THE PRECIPITATION OF PROTEIN. By 
W. NEVILL HEARD. 


THE precipitation of protein by metallic salts will be first considered. 
Naturally this varies with the state of the protein and differs according 


as the latter is undialysed—suspensoid and —— dialysed— 
suspensoid and emulsoid. 


() Undialysed suspensoid protein. In a previous communication — 


an attempt was made to represent the action of the salts of the metals 
upon undialysed suspensoid protein by curves and numbers representing 


their relative powers. Although the power of any given electrolyte _ 


varies somewhat with different specimens of protein it is found to be 
constant with one, so long as the latter remains free from any changes 
of decomposition. In most cases the end-point is reached in one or two 
hours but in others this is not so, and an estimation at the end of 
twenty-four hours will give a slightly different result from one taken 
sooner. A closer consideration of this and some other points has 
caused a few slight changes, that of Fe“ being the most noticeable. 


Also the method of calculating has been altered. Instead of taking an 


arbitrary standard the relative powers are expressed by figures which 
represent the greatest number of times a gram-molecular solution of 
the electrolyte can be diluted and yet give a distinct precipitate at the 


end of twenty-four hours. Thus 2000 means that when the electrolyte 
is present in the mixture at a strength of M/2000 it will precipitate, 


though if weaker it will fail to do so, As before the protein is added in 
a dilution of 1-64 and is + therefore present in the mixture in a dilution 
of 1-192. 

The revised and extended table is as follows (see p. 106) 

It cannot be claimed that the following table gives more sine: an 
approximate representation. A very large number of experiments were 
carried out and though, as mentioned above, the relative powers of the 
metals appeared to alter little, their actual powers differed somewhat 
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PROTEIN PRECIPITATION. 1005 


with different specimens of protein. This point and also the question of 
changes taking place in solutions of salts of the metals with time were 
definitely tested for by preparing three solutions of AgNO,, FeSO, and 
Zus., and trying them with various specimens of protein over a period 
of two months. No relative changes of a definite nature could be 
detected though their actual powers differed with the protein. But 
with Ce relative changes were found. Four specimens of this metal 
from different sources were tested with the same protein against Fe“ 
and Al and different results obtained with each. This was not the case 
with any of the divalent metals that were tested so that the numbers 
given for the trivalent metals are of less value. But this question can 
be left for the present since the trivalent metals will not be discussed. 


Na ‘Il 085 
8 9 57 — — 
Ba 4⁵ 35 — — 
Mn 200 — — — 
Ni — 750 „ — 
2800 — — — 

Be — 4500 
Hg 6750 — = 
Cu 7500 — 
Pb — 10500 — — 

AY" (24000) — — — 


When the strength of the protein was raised eight times, consider- 
able changes took place. Exact comparison by means of numbers with 
the more dilute solution is rendered difficult by the fact that in the case 

of the metals of lower power the end-point is not so sharply defined. If 
one takes a metal such as Ca it will be found to be more powerful with 
a 1-24 solution of protein, if judged by the density of cloud produced; 
whereas if judged by the actual quantity of precipitate that will remain 
i Round about the concentration Mg0l, M/30 a haze appears in the solution, but no 
precipitate so long as protein is free from any change. 
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on the filter it will be found to be slightly weaker. In constructing the 


table only the power of cere a precipitate removable 98555 filter . | 


is 
NO, BO, . 
us — 
875 
Zn — — 1200 
„ — — 600 
Be — 900 — 
Hg 750 — 
—— Ou 1800 — — 
Pb — 1800 — 


2) e amulsoid protein. When protein was tested in the 


emulsoid condition there was on the whole considerable reduction of 
power in the action of the ions. When the protein solution was diluted 
1-192 Ba, Sr, Ca, Co, Ni, Zn, (tested from M/1) and TI (tested from 
M/10) gave no precipitate in any dilution of the electrolyte. Fe” and 


Pb! gave precipitates only in high concentrations, those which corre- 


sponded to the first part of the curve in the latter metal. Ag was the 
least affected of all, being practically as powerful as with suspensoid 


protein while Cu bad its power reduced to nearly one half. Hg, if 
judged by the density of the cloud produced, was little affected; but if 


a filterable precipitate was made the criterion its power was very 


greatly reduced, a definite coagulum ceasing to be produced after about 


M/600.. 

_ When the protein was present in a dilution of 1-24 the effect pro- 
duced upon Ag and Cu was similar to that seen with suspensoid protein, 
that is to say the precipitating action ceased at about M/300 and M/1800 
respectively. Hg was little affected by the concentration of protein but 
now Pb, Cd, Fe” and Zn gave partial precipitations in medium dilutions 
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PROTHIN PRECIPITATION. 107 
of the electrolyte. Ni and Oo had some slight effect; white Mu, Ca, Ba, 


Or, had none whatever. Be acted in high concentrations, as did K. 
there being only a slight effect in low concentrations 


It was found impossible to represent satisfactorily by canton the 
power of the ions for the end-point is in all cases far less sharply defined 
than with suspensoid protein; and in the case of certain ions like Pb 
and Zn? cannot be expressed at all in any simple fashion being obviously 
@ function of the concentration of both protein and the precipitating 
With regard to the nature of the curves of precipitation these were 
found to be similar wherever comparison was possible, CuCl, for instance 
having a curve very like that with suspensoid protein, as also had CuSO, 


and AgNO,. With HgCl, and certain specimens of protein the curve 


was single and similar to that with suspensoid protein. But under 


certain conditions it tended to become double, the curve falling 


gradually from about M/600 to M/2000, where no precipitation at all 
took place, followed by a second rise to a second maximum at M/3000 — 
after which it fell sharply down. This curve, however, does not stand 
for the actual precipitate which, as mentioned above, usually ceases at 
about M/600 but stands for the density of the cloud produced at the end 
of a short period. 

Concentration of the protein solution to 1-24, though it brings the 


two maxima more closely together in the case of CuCl, does not reduce 


the curve to a single one as will be found to be the case if the protein 
is in the suspensoid condition and in this concentration. 

(3) Dialysed emulsoid protein. Pauli! dialysing for long 8 
and using special precautions produced a protein that was not precipitable 


by heavy metals except in concentrated solutions of the latter and in the 
cases about to be mentioned a close approximation to this result was 


attained. No special methods were used, the protein being dialysed into 
a sausage-shaped parchment dialyser against commercial distilled water 
from eight to ten days, some twenty or so changes of water being made, 
thymol or chloroform being the preservative used. In certain cases it 
was found that though the power of those metals such as Ou, Hg and 
Ag, which are particularly active with emulsoid protein, was greatly 
diminished it was not entirely absent and partial precipitation took 


So oll the Ni and Co precipitate 1-8 protein 
to u considerable extent and with this concentration of protein. Ca gives u dense cloud 
from 8M to 95M, 
Hofmeister’s Berg. vit. p. 582. 
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place, But in other cases where the dialysis had been more complete 
there was no reaction at all except with very high concentrations of the 


electrolyte,in fact just those where the first maximum is reached in the a 


ease of the metals with double curves. There was one exception how- 

ever to this, namely Ag, which besides a precipitate in these high 

concentrations gave another which in a well dialysed solution did not 

- eommience until about M/3000. Since Pauli (loc cit. p. 541) expressly 
‘mentions silver nitrate as one of the precipitants used a 

very complete dialysis removes this second precipitate. 

The effect of dialysis is shown in the following diagram. 


Fig. 1. Abscissse represent the dilution of the electrolyte in mixture. Ordinates repre- 
Bent the amount of protein precipitated. A=curve of undialysed protein. B curve 


of dialysed protein. This and following curves are of course es 1 8 


The figure shows the complete abolition of the second curve and 
reduction of the first by means of dialysis. An imperfectly dialysed 
solution like those mentioned above will give a smaller curve that lies 
inside the large one of the undialysed solution and with its maximum 
pushed to the right. 


Since the removal of salts produces such marked changes the effect 


of their addition was then estimated. A completely dialysed protein 


solution, giving a curve as B in above diagram, was then tested by 


adding to separate portions NaCl, NaNO,, Na,SO,, Na, CO,, NaOH, 


Na, S, Na,HPO, and then CuCl, in suitable proportions. With the first 


three, that is those with soluble reaction products, there was no precipitate; 
with the last four, those with insoluble products, a precipitate took 
place, so that the two classes of salts are sharply marked off from one 


another. Though the first mentioned are incapable of producing a 


precipitate they have an indirect action upon the precipitating 
electrolyte and this is shown in the following _— (Agi is taken to 
show the different effect of NaCl). | 
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The protein solution used for the above was not like the former 
completely dialysed. It was precipitated to some extent by dilute 
solutions of heavy metals and the second curve of AgNO, began to 
rise at M/200, much earlier than with the more dialysed solutions 
where no reaction was found to take place until about M/500. In 
contradistinction to the single curve which AgNO, gives with undialysed 
protein it will be seen that the curve with dialysed protein is double 
with widely separated maxima. But the effect of adding salts is 
plainly to fill up the interval and reduce the curve to a single one. 

In this respect the carbonate which has an insoluble product of 
reaction is more effective than the nitrate which has a soluble product, an 
‘M/1000 solution of the former being as active as an M/200 solution of 
the latter. Moreover when the concentrations of the added electrolyte 
and precipitant become equal the curve of the former terminates more 
_ abruptly than that of the latter. With NaCl the fall is still more 


4200 


Fig. 2. A=dialysed emulsoid protein+AgNO,. B, the same with the addition of Amm. 
Carb. M/1000. O, with NaCl M/200. D, with NaNO, M/200. E, curve of suspensoid 
protein with Na,CO, M/300 and CuCl,. A’, emulsoid — (more completely 

dialysed than A)+AgNO;'. 


abrupt. Higher concentration in part explains this for with an M/1000 
NaCl solution the fall was more gradual, But with equal concentra- 
tions the curve of NaCl will always fall more sharply and doubtless this 
is mainly due to the fact that the chloride is more insoluble than the 
Carbonate. In addition there are probably other reasons connected 
with the nature of the precipitate, as will appear later. It was found 
that the kation in association with the carbonate had a very consider- 
able effect on the amount of protein thrown down. : 
Dialysed suspensoid protein. The changes that take place in 
' suspensoid protein as a result of dialysis are at first sight widely 
2 1 4 more complete dialysis still gave a solution which with AgNO, showed no 
perceptible reaction after M/15 until M/1000. Even then only a faint haze appeared 


and a definite coagulum was not produced until M/6000. With this protein the curve 
corresponding to O would be represented by an upper line much more concave than C. 
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different: from those obtained with dialysed emulsoid protein. A 
protein solution completely dialysed as shown by the absence of 


reaction in dilute solutions of any of the heavy e (except Ag) was 


found to require great care in treatment. 
It could not be boiled much under the dilution of 1-64 but at this 


concentration it gave a fairly clear solution that did not precipitate 


until a certain definite quantity of electrolyte was added to it. The 
various salts now precipitated at far greater dilution and on the whole 


their effect was comparable to that obtained with emulsoid solutions 


which had not been quite completely dialysed. Though the actual powers 
of the various salts were much increased their relative positions were not 
much altered. Ag, as with emulsoid protein, had a double curve and 
MgCl, was found now to give a precipitate at M/15, its curve showing 
plainly that it must be grouped with the alkaline pia with ss uses to 
its effect upon protein. 3 
| of and as in Table 


TABLE IL ee 
ol NO, 
90 
Zn — 3000 
16000 
24,00% 
Pb — 80,000 


“The are of value for it will be 
that the results vary with the completeness of the dialysis. The more 


thoroughly this has been carried oat - higher will be the number 
the metal. 

Contents of the dialysate. 30 c.. of egg-white were beaten up with 
an equal quantity of distilled water and then dialysed against 180 cc. 


of the same distilled water. At the end of twenty-four hours the 


dialysate was removed and examined. The HO!+BaCl, and Amm. 
Molyb.. tests gave no reaction, showing that neither sulphates nor 


phosphates were in any appreciable and 
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carbonates however were always present in concentrations that made 
them readily detectable. Though somewhat different amounts were 
found with different specimens of protein the following e an 
average determination for a 1-8 


Lud dialysis (180 0.0. of distilled water added to replace that removed) 
Alkalinity = N/500 HCO’,=N/500 
H HOO’, not 


At the end of the first dialysis the alkalinity of the sonata solution 
Was estimated and found to be higher than the dialysate, namely about 

N/150˙. The alkalinity was estimated with alizarin taking that tint, 
which with the same protein in the suspensoid condition accompanied 
the maximum precipitate by acid, to be the point of neutralisation. 

The chloride was roughly estimated as corresponding to about NaCl 
M/125 and in addition it was found that if the protein had been 
previously boiled there was always an appreciable quantity of sulphide 
present. 

This, which is doubtless due to the decomposition of the cystine 
group by the alkali, was not estimated. 

With regard to the kations it is probable from the behaviour. of the 
dialysate with the alkaline earths that the CO, was mainly present as 
bicarbonate. Its failure to react with Hg showed that there was no 

free ammonium group present. But on the other hand ammonium 
could be freed by the action of certain reagents. If Nessler's solution 
was added to the dialysate there was no immediate reaction (unless the 
protein had purposely been allowed to decompose when the presence 


ol free ammonia was at once demonstrated); but shortly afterwards a 


yellow colour appeared which deepened into brown of a tint equal to 
an ammonium solution of about N/800 and finally there fell a dirty 
brown-black precipitate with greenish shades in it. Now this corre- 
sponds to the behaviour of Nessler’s solution with solutions of ammonium 
sulphide of increasing concentration and it is probable that this salt 
was gradually freed. by the action of the reagent. a 
The oxalate test failed to show the presence of any Ca. 
Though leakage from the dialyser was as far as Possible prevented 
organic matter was always found in the dialysate. | 


caloulated for 1-8 dilution. 
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reaction of ammonium carbonate (NH,HCO, : NH,NH,CO,) and 
sodium carbonate and bicarbonate with salts of the metals. 


Pb. With Pb (NO)) precipitates are given over a greater range of 
concentration than any other metal and the conditions which determine 
the nature of the precipitate are readily seen. If one takes Na, CO, 
M /600 and adds to it the lead salt in increasing concentration in the 
same manner as was done with the protein solutions one gets the 
following results. 

In the highest concentrations 1 M there is a tendency to over- 
charge and at the most a very small crystalline precipitate appears after 
a while at the bottom of the tube. But at about M/10 there is a very 
abundant colloidal precipitate which sinks and forms a flocculent mass 
at the bottom of the tube. At about M/30 and from this down to about 
M/2000 the precipitate which is at the moment of its formation colloidal 
quickly turns crystalline. In the highest dilutions this fine colloidal 
precipitate does not turn crystalline but remains suspended. 

Ik the Na, OO, be four times as dilute, namely M/2400, the effect is to 
increase the portion which turns crystalline at the expense of that which 
remains colloidal so that if the latter only were represented by a curve 
there would be two maxima which dilution tends to separate. 

The effect of the ammonium group and the H of the bicarbonate is 
somewhat similar. Both of these apparently promote the crystalline 
nature of the precipitates and the colloidal precipitates which are formed 
at the highest dilutions no longer remain colloidal. With these 
carbonates in dilute solution the central crystalline portion is pro- 
portionately very large and with M/2400 concentrations the colloidal 


stage is so rapidly passed through that the precipitate appears to 5 


crystalline at the moment of its formation. | 
Cu. With this metal precipitates are readily given with a content 

of Amm. carb, M/600 from the highest concentrations of copper salt down 
to about M/6000. The results over the higher concentrations are very 
much influenced by the nature of the anion and the curves given by the 
three salts CuCl,, Cu(NO,),, CuSO,, are different from one another. 
The interest of these curves lies in their similarity to the curves of 
precipitation of protein by these three salts. With the nitrate and 
Amm. carb. it will be found that the extreme concentrations about 
4M overcharge but that at about 2M a precipitate appears', reaches its 


0 This first precipitate is very fine and is best seen by holding test-tube against a dark 
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maximum at about M/1 and ends about M/6. At about M/15 there 


forms a fine colloidal precipitate which extends down to about M/6000, ) 


its maximum being reached at about M/600. This second precipitate 
consists of fine colloidal particles which do not settle for a very long 
period whereas the first precipitate settles much sooner. 

With CuCl, the results are on the whole similar though there are 
certain well defined differences, In the highest concentration there is a 
precipitate corresponding to that formed by the nitrate. But after about 
M /15 it will be noticed that the precipitate forms in a peculiar way; for 

a while the solution remains clear but after the lapse of a period which 
is greater in proportion to the dilution, little balls of precipitate form at 
the surface and break up as they sink. This precipitate is non-colloidal 
and will be found to extend to about M/30. : . 
From this dilution down to the extreme limit there is formed a 
colloidal precipitate which is in every way similar to that given by the 


nitrate. 


The colloidal precipitate forms immediately—except just at its lower 
limit—and at about M/30 it will be found: that the colloidal precipitate 
which has formed at once is later replaced by the crystalline precipitate 
appearing as above. It seems as if, in these particular dilutions, from 
about M/10 to M/30, there is a resistance to the formation of the 
precipitate which increases as the lower limit is approached. _ 
With CuSO, there is no precipitate from 2M down to about M/6. 
From this latter point down to the extreme limit a colloidal precipitate 
appears just as with the other two salts, | , 
Hg. With HgCl, one gets a curve of a different nature. Testing 
with Amm. carb. M/600 from HgCl, M/15 there is found to be a thick 
colloidal precipitate which forms the more quickly the higher the 
eoncentration of Hg so that at low concentrations such as M/1500 the 
_ precipitate takes some little time to appear. Under certain conditions 
it will be found that at about the dilutions M/2000 no precipitate at all 
will appear even at the end of twenty-four hours while from M/3000 
to the extreme limit, which is about M/6000, there is a colloidal precipi- 
tate similar to that at the dilutions above M/2000, : 
In other words the curve is double with a minimum at M/2000. 
Under other conditions the curve is single and 
longer in making their appearance in proportion to the dilution. t 
aks conditions are was 0 determined though presumably they depend 
upon the presence of some electrolyte in minute quantities. The 
interest of the two forms of curve lies in the fact that they will be found 
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tobe pulled inthe’ cures of HgCh with omuleoid 

The precipitates at intermediate dilutions if watthod appear to 
| undergo some change akin to those given by Pb(NO,),. But the change 


is longer in taking place, does not appear to be 80 complete, and the 


resulting precipitates do not sink at all readily. 
The nature of the kation in association with the 3 is of very 


great importance in the case of Hg. The above remarks apply only — 


when ammonium is the kation. When Na is the kation no precipi- 
tation takes place except at high concentrations owing to the faculty 


Hg has for forming double or complex salts with Na. When K is the 


kation precipitates are formed more readily than with Na though less 
than with ammonium. 
Od. Tested from M/10 this metal gives precipitates down to about 
M/2000', 

Within these limits the curve is single and the precipitate becomes 
non-colloidal very rapidly, 
An. With this metal the precipitate * not extend quite 80 far. 
At the higher concentrations M/2 there is overcharging and no appear- 
ance of precipitate though it was not tested whether at still higher 
concentrations 8M and 4M, another precipitate is thrown down. 
The ordinary precipitate which extends from about M/5 to M/1000 


is colloidal but rapidly turns into a flocculent mass which sinks aod 3 


looks like a coagulated gel. 


Ag. This metal gives precipitates only in high concentrations, 
down to about M/75, with ammonium carbonate M/600, But when 


sodium is the kation there is a colloidal precipitate from M/10 (not 
tested above) down to about M/1500. In the intermediate dilutions it 
is yellow but quickly turns white and has a crystalline appearance. At 


the lower dilutions it is formed white. The appearance of this pre- 


cipitate at the medium and higher dilutions apparently depends upon 

certain conditions, for sometimes it was not obtained... That there was 

no accidental contamination with NaCl was shown by. the instantaneous 

disappearance of the precipitate on the addition of a drop or two of acid, 
Some observations pointed to the fact that minute traces of — 
matter might be the cause of its appearance but this was not proved, 

ie Fe”. This metal, within the limits of observation, that is from M/10 


a down wattle, gives a precipitate with Amm. carb. which extends about as 
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far as Cd. With regard to settling the particles are about intermediate 
between those given by metals like Zn which settle rapidly and those 
given by metals like Cu which do not settle for long periods. 

Be, TI. Be is very sensitive to the presence of the ammonium ion 
and gives precipitates only in high concentrations. When sodium is 
the kation the precipitates extend farther though not so far as with the 
above mentioned metals, TI on account of the solubility of its carbonate 
gives precipitates only in very high concentrations of both salts. 
Ni, Co, Mn, Ca, Ba, Sr, and Mg. These metals are all alike in that 

they are sensitive, ‘though in varying degrees, to the presence of the 
ammonium ion and also to the H of the bicarbonate. While with the 
carbonate Ni and Co react very much as Zn, giving precipitates down 
to low concentrations, with the bicarbonate the concentrations need to be 
raised very considerably and it is important to note are well below that 
which is naturally present in the protein solutions tested. Ammonium 
and the bicarbonate form of the carbonate not only tend to prevent the 
appearance of the precipitates but promote the crystalline nature of 
these. Besides this Mg is also affected by the Na ion so that it is only 
in concentrated solutions that a precipitate will be thrown down. | 

The curve is in all cases single with a tendency to overcharge in the 

higher concentrations. With the alkaline earths there is a maximum 

lying between M/15 and M/30 on eicher of which the 
diminish, 
This appears in the following table which will perhaps show more 

clearly than description the reaction which is characteristic of Ba and 
which applies to all with certain modifications to be mentioned after. 


4,00, Colloidal precipitate less than M/30. 
BaCl, M/30 $|$-Maximum colloidal precipitate. — 
BaCl, M/60 Colloidal precipitate small in amount. 
BaCl, M/ 10 ” 55 
M/600+BaCl, eolloidal presipitate, finer particles than in 
BaCl, M/30_ 
! 
Mj150 
M/1200+ BaCl, M/1 
M/30 
Ba CI, M/60 


M/150 
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This shows. 3 the dependence of the precipitate upon the 
concentration of both salts; but while this is so the barium salt is 
to some extent ae of the Na, CO, concentration or at least 
appears to be within the limits of the experiment —for with each 
concentration of the carbonate the precipitate at BaCl, M/30 is 3 5 
greatest. 

If while keeping the carbonate at the same strength the sodium ion 
is gradually replaced by the ammonium ion the effect is to decrease the 
amount of precipitate and promote its crystalline nature. Ir is not so 
sensitive to the presence of the ammonium ion as Ba, but Ca is more so 
and Mg most of all. Further Mg is sensitive to the Na ion (Ca is so in 
lesser degree) so that it is only in higher concentrations of both salts 
precipitates appear. The relative degree of sensitivenese of these metals 
to the ammonium ion was not worked out but it is evidently different 
for each metal and, for example, is far greater in Mg than in Ni or Co. 
This sensitiveness expresses itself as a retardation of appearance of a 
precipitate with increasing concentrations of the reacting salts and as a 
reduction of the colloidal nature of the precipitate when the latter does 

appear 
Considering all the metals it will be ssen that . the reaction 
of their salts in concentrations from M/1 downwards with solutions of 
carbonates about M/600 and regarding only their power to produce 
precipitates that remain colloidal for some little time Pb(NO,),, CuCl,, 
Cu(NO,),, have double curves with two maxima while CuSO,, ZnSO,, | 
FeSO,, NiCl,, CoCl, MnCl,, have single curves which show a tendency 
to fall as the concentration M/1 is approached. The alkaline earths 
form a group with a single maximum reached at about M/15 .soon 
after which a fall takes place, and from about M/60 onwards only a 
small amount of precipitate is formed. | 
The correspondence of this with the reaction between the same 
electrolytes and protein will now be shown. 


or RESULTs.. 


Taking emulsoid protein first it is clear that since the aa, 
removal of all salts by dialysis produces a complete inhibition and 
a partial removal a partial inhibition of coagulation by metals the latter 
process is very intimately bound up with the presence of these salts. 
The only salts removable in any appreciable amount are carbonates, — 
_ chlorides and the whole of the alkalinity of the dialysate ied cd to be 
former. 
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PROTEIN PRECIPITATION. 117 
The alkalinity of the protein is higher and it cannot be determined 


with certainty to what this is due though it is exceedingly probable 
that part of it at any rate is due to retained carbonate. 


The results of adding salts to a mixture of protein solution and 
a moderately dilute solution of CuCl,, AgNO, or any heavy metal show 
at once that the first necessary condition for a salt to produce coagula- 
tion is that it should have an insoluble reaction product with the 
electrolyte present in the protein solution. Since the alkaline earths 
and the whole of the heavy metals with the single exception of TI give 
insoluble products when mixed with soluble carbonates the latter 
must have a very great effect upon the precipitation, 7 

From what has been said it follows that in a 1-8 protein solution 
the carbonate content lies somewhere between N/125 and N/200 while 
in a 1-64 solution the amount of carbonate is some eight times as small, 
and it is therefore the reaction between soluble carbonates of this 


concentration and the salts of the metals that becomes of importance. 


An examination of this reaction in the case of the various metals 
shows a very striking likeness to their reaction with protein solutions 
which is brought out by comparison of the two cases. Cu is a par- 
ticularly favourable example for it can easily be shown with this metal 
that the nature of the anion determines the shape of the curve of 
reaction with Amm. carb, and that the corresponding curve | attained 


with the same salt and — is of a similar nature. 


2 


8. 4 curve of precipitation of CuCl,, B=curve of Cu(NO,),, O=curve of Cu80,. 
‘Concentration of Amm. carb. M/600 throughout. 


: In 8 the above diagram the crystalline precipitate 
produced by the chloride from about M/10 to M/30 is neglected because 
a consideration of these reactions in general shows quite conclusively 


that in order to throw down protein the resulting product must be 


colloidal in nature. This which can be shown from an examination of 
any heavy metal (except TI which will be referred to later) is perhaps 
most conveniently demonstrated by the behaviour of Pb and will be 
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treated under the heading of that metal. But granting this proviso 
the curves of these three salts with Amm. carb. will stand very well for 


their curves with protein, the only difference being that in the case of the 
chloride and nitrate the interval is somewhat wider with protein. This 


however can be readily understood if we suppose the protein adds to 
the resistance referred to above and allows no precipitation to appear 
Where with Amm. carb, a small one will eventually form. That this 


resistance exists appears to be shown by the fact that the width of the 
interval depends largely upon the state of the protein. 

A solution that boils very clear will be found to have a 5 
interval, whereas one that does not is more precipitable and accordingly 
the interval is not so wide (see figure in previous communication, This 
Journ, XIV. p. 30) The single curve of tlie sulphate and the double 


curve of the other two salts is well marked in both cases and 2 


geuerul likeness altogether is unmistakable. 


Hg. provides another case of parallelism. The usual reaction in oe 
both cases is that starting from about M/15 the precipitate appears the 
less réadily the greater the dilution. Under other conditions which 


were not determined there is a retardation of the precipitate round 


about M/2000 which will be found sometimes so marked that even in 


twenty-four hours the solution remains quite clear. But this result, 
obtained simultaneously with both carbonate and protein, was not 80 

frequently found as the first mentioned. As only commercial distilled 
water was used it may well be that one or the other result was due to 
the traces of some electrolyte. The peculiarity of HgCl, in reacting at 


far greater dilutions with protein than that at which it throws down 
a precipitate removable by ordinary filter paper may possibly be 
connected with the fact that its precipitates with Amm. carb, though 


undergoing a colour change show little tendency to fall to the bottom 
of the tube. But in the absence of any knowledge of the factors 
concerned no definite statement is possible, _ 

Ag is the only other metal of those tested that precipitates emulsoid 
protein in dilute solutions and it was unique in that it was the only 
metal ‘whose second curve could not be removed by dialysis though 
apparently this was done by Pauli with a more thorough dialysis. It is 


significant that this metal has a very insoluble chloride and that the 
last traces of this and other salts are held with great tenacity by protein 


(ee Bayliss, Biochem. Journ. 1906, 1, p. 175). In view of the peculiar 
behaviour of silver nitrate with regard to dialysis and its variable 
reaction with bodium carbonate it 8 that the sotond ourre is 
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due to the presence of a trace of chloride. The possibility: ot this is 
proved by the diagram previously given and it is easy to show with 
very dilute solutions of sodium chloride M/5000 or so that a maximum 
precipitate is reached with AgNO, when the two salts are in equal 
concentration and that as one proceeds either in the direction of weaker 
or. stronger AgNO,—the NaCl of course remaining at its first con- 
centration—the precipitate diminishes. The NaCl content of undialysed 
protein obviously determines the end-point of the action, for with a 1-24 
protein solution the Cl content is about N/375 and it is at about this 


— point AgNO, ceases to precipitate while with a 1-192 solution the end- 


point is removed much farther on. 3 
The three metals Hg, Ou and Ag are the only metals that react 1 
any extent in dilute solutions with dilute protein (1-192) and it will 
be found that these are the only metals that keep their particles in 
suspension for long periods when reacting with dilute solutions of 
bicarbonates (AgNO, also with Cl’). When one comes to Pb, Zn, Cd 
eta, one finds that though the more powerful members can precipitate 
emulsoid protein they can only do so in anything under their highest 
concentrations when the latter is present in a less diluted form (1-24), 
while the weaker members do not do 80 even under these conditions, 
They fall into three classes (1) Pb, Zn, Cd, Fe“, giving precipitates with 
1-24 protein in low and medium dilutions, (2) Ni, Co, Be, giving such 
slight precipitates with the same protein as to be practically negligible — 
and (3) Ba, Ca, Sr, Mn and Mg giving no precipitate at all of any kind. 
Now all of this can be traced to their power to form colloidal — 
carbonates in the presence of certain kations which influence very 
greatly the state of these carbonates, Referring to what was said about 
the formation of colloidal carbonates by Pb it will be seen how this 
corresponds with the precipitation of protein by this metal. In the 
more dilute solutions the colloidal state of the carbonate’ formed in 
medium and high dilutions of the lead salt is very rapidly passed 
through and accordingly we find that no precipitation of dilute protein 
takes place except an amount which is practically negligible and plainly 
corresponds to the tendency for the precipitates at the extreme limit to 
remain colloidal somewhat longer than those at medium concentrations, 
With the higher concentrations of lead salt in the same dilute 
solution of carbonate there is a colloidal precipitate and accordingly 
strong lead salt M/1—M/30 precipitates dilute protem. When the 
carbonate solution is more concentrated the precipitates are more 
3 1 Je. in the presence of ammonium or the bicarbonate. 95 . 
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colloidal in the medium dilutions of the lead salt and the area over 
which the salt rapidly turns crystalline is diminished, and the two 
colloidal maxima draw much more closely together. As a result one 
finds with the less dilute solutions of protein that over the medium 
concentrations of lead salt a partial precipitate takes place which is yet 
smaller over the now narrowed area where the precipitate rapidly turns 
crystalline. 

Inn this case—1-24 ceases soon after 


_ M/400 which corresponds very well with the results obtained by adding 


carbonates of known strength to and then 
producing precipitation by PDP. 
These remarks apply to the other members of the group with the 


exception of the fact that the curve of precipitation within the limits of 


observation, namely M/1 downwards, is single with a tendency to over- 
charge in the highest concentrations. One finds accordingly that the 
precipitation curve of protein 1-24 is single with a tendency to overcharge — 
in the highest concentrations of the salt. As with lead none of them 
hold their particles in suspension long enough to affect dilute protein 
except in their highest concentrations but with the less dilute protein 
they give partial precipitates in the medium dilution, | 

Ni, Co, give precipitates that are practically negligible while Ba, Ca, 
Sr, Mn and Mg give no precipitate of any kind whatever and the 
question arises as to why this should be so since the reaction between 
sodium carbonate is practically the same with Co and Ni as with Zn, 
and with alkaline earths like Ba is well marked. The answer is that 
all these metals are profoundly affected by the presence of the ammonium 
ion, which many considerations make it necessary to suppose must be 
present in protein, and also by the H of the bicarbonate in which latter 
form the carbonates are mainly present. How much effect is to be 
ascribed to the ammonium and how much to the bicarbonate form was 
not worked out, for the ammonium salt used is of course a bicarbonate, 
the pure carbonate being an unstable form. Though the two probably 
work in the same direction there are unquestionably differences between 
them and one metal is affected more by one and another metal by the 
other. Certain differences were noted but need not be detailed here as 
they hardly affect the main issue which is to determine why Cu, Hg, 
Pb, etc. should precipitate 1-24 emulsoid protein while Ni, Co, Ba, etc., 
ete have a very trifling or no effect. 

The following table will perhaps serve better than a description to 
show on what this difference — i 
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PROTEIN PRECIPITATION. 11 
| TABLE IV. 

Dial, Emuls. Protein (1-24) + Pb(NO,), M/200 3 Ppt. 
Do. do ʃ·t 400, M200 
Do. +Ou80, Mj200. 

Do. do. +Amm. carb, Mj200 ôPpt. 

‘Do. dos. Ppt. 

0. carb. M/150 Pt. 
8 ＋NaHCO, M/150 
Do. No ppt. 
00. 10 No ppt. 
D000. do. + NaHOO,M/i60 No ppt. 

Mj20 No ppt. 
Anm. carb. M/30 No ppt. 
+NaHOO, M/100 Vo ppt. 

Do. +Na,CO, M/ 100 Ppt. 


The table explains itself. Those metals which are sensitive? to the 
H of the bicarbonate and ammonium do not in the presence of these 
groups precipitate protein because they cannot under the conditions 
form colloidal carbonates. With regard to the amount of protein 
precipitated a rough estimation was made by filtering and adding picric 
acid to the filtrate. Pb was found to throw down only a small portion 
of the protein somewhere about one quarter while the Cu salt threw | 
down more probably about one half or even more. Ba threw down very 
little with Na, OO, (none with NaHCO,) but still a distinct quantity. 
This accords very well with the results obtained with undialysed 
protein for in this dilution Pb never throws down more than a part and 
the precipitates with Cu though more complete are not as a rule full, 
the filtrate generally showing the presence of some protein. 

The effect usually obtained with Pb, Zn, Cd namely the failure of 


these metals to precipitate 1-192 protein in anything beyond their 


highest concentrations is — by the results in the following 


TABLE 
5 NO 81 of 
Dialysod Protein f gm only. 
Do 45 — 
1,500 


1 This is a question of degree. Pb is affected but not sufficiently to prevent the 
formation of a colloidal carbonate, as is the ease with Ni. | 
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This shows that at low concentrations of protein (1-192) Pb, Zn, and 
Cd do not remain colloidal sufficiently long to affect the protein and 80 
| précipitate the latter. Cu and Hg (in the presence of amino groups) 
are still able to act in this dilution apparently because they keep their 
particles in suspension and so allow the latter to remain longer in 
contact with the protein particles. 

“The precipitation in the highest concentrations of the metals, 
together with that produced by the alkalis and alkaline earths, has 
been ascribed by Pauli' to a different cause from that given by these 
metals in their lower concentrations But quite possibly this is 
explained by a consideration of the concentrations necessary to . 
colloidal carbonates. 

‘If a very weak solution of carbonate be taken, say NaHCO, 
M/4000, it will be found that only in the highest concentrations of the 
lead salt added to it a colloidal carbonate will be produced. The 
precipitates given in the lower concentrations are of a very fine 
erystalline nature and therefore unable to affect protein. Fig. 1 shows 
that dialysis does affect the first curve of Cu to some degree and 
this is doubtless due to the change in the character of the precipitate, — 
which can be shown to occur with —* dilution of the carbonate 

solution, 
I be results obtained with the heavy 3 and undialysed cialis 
correspond very well with those obtained by adding these metals to 
bicarbonate solutions of the same concentration as those in the protein 


solutions. A 1-24 protein solution has a carbonate content of some- | 


where-between N/375 and N/600 and it will be found that none of the 
metals which are unable to precipitate emulsoid protein at all will give 
colloidal carbonates when reacting with soluble bicarbonates at these 
dilutions. Whereas those that do precipitate protein in a 1-24 solution 
will furnish colloidal carbonates at these concentrations. Cu, Hg, and 
Ag are able to precipitate the more dilute protein 1-192 as the former 
cannot do except in their highest concentrations and it is found that 
these latter metals (Ag in the presence of Cl) b their 8 88 in 
suspension for long periods. 

Sußpensoid protein. The results obtained with suspensoid protein, 5 
though at first sight very different from those obtained with emulsoid 

may probably be explained by the same hypothesis if two changes are 


ee to have taken place in the protein solution @) that the 


Hofmeister's Birg. vrt. 1906. 
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dicarbonates have become converted, in part at any rate, into carbonates, 
and (2) that the state of suspension of the protein has undergone some 
change whereby the latter body has become more precipitable. 

The action of dilute acids and numerous observations readily prove 
the fact of (2), though as to the cause not very much can be said! It 
is usually, stated that while suspensoid protein is kept in solution by 
electrical charges emulsoid protein is not. According to Hardy, liow- 
ever, the absence of migration in an electric field does not proye that 
emulsoid protein is not in solution by differences of potential but only 
that it is “a system capable of statical equilibrium.” Apparently its 
mode of solution is more akin to ordinary non-electrolytic. solution. 
But though little is understood as to the ultimate causes of these 
differences the fact that suspensoid protein is more readily precipitable 
is all that is necessary to explain the alteration in the power of ” 
metals which can act upon 1-24 protein. 

While Pb is more powerful than Cu with a 1-192 suspensoid f 7 
and as powerful as (if not slightly more than) Cu with 1-24 protein it 
is much less powerful than Cu with emulsoid protein. Now this can be. 
explained by the peculiarity in the formation of their respective car- 
bonates. Those of Pb, especially in the presence of the bicarbonate 
and ammonium, rapidly e en which is not so in the 
case of Cu. 
Ikl it be assumed that the temporary formation of a colloidal carbonate 
is sufficient to precipitate suspensoid protein while the formation of 
a.carbonate which remains colloidal for a longer period is necessary to 
precipitate emulaoid protein not only can the differences of these metals 
in their action upon the two states of protein be explained but also the 
effects of concentrating the protein solution. With a very dilute 
solution of carbonate it was shown that the medium, dilutions of Pb form 
only acrystalline precipitate while at either extreme there is a colloidal, 
the difference between the two colloidal precipitates being that in the 
casé of the highest concentrations of Pb the precipitate remains colloidal 
whereas in the lowest it undergoes a change and becomes crystalline. 
It was also shown that the result of increasing the carbonate con- 
centration was to increase the colloidal portion at the expense of the 
middle crystalline area, _ Accordingly it is found that with a 1-192 
protein solution (suspensoid) there is a long middle area where no 


_ precipitation takes place while at either end a precipitate falls, On 


 iftereasing the protein concentration to 1-24 the middle area vanishes 
though traces of it are still found in an inhibition of the rate of 
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precipitation over a certain area of medium concentration. All of this 
follows of course from the fact above stated that in a more concentrated 
carbonate solution the extent of the colloidal precipitate has extended 
from either end towards the centre. . . 
Pb which is not the most powerful divalent metal with emulsoid 
protein becomes so with suspensoid because with the latter the colloidal 


_ carbonate formed by Pb though not permanent remains sufficiently long 


in this state to throw down suspensoid protein. Pb can produce a 
temporary colloidal carbonate in a higher dilution than any other metal 
and is therefore the most powerful precipitant of suspensoid protein. 
When Cu and Hg, which cannot produce a colloidal carbonate at 

quite such high dilutions as Pb, are at length by increasing con- 
centration of the soluble carbonate enabled to do so the colloidal 
- carbonate remains in this state for a very much longer period than does 
the colloidal carbonate given by Pb. Therefore Hg and Cu are better 
precipitants of emulsoid protein. | 
By this hypothesis the difference in the action of the various 


metals upon emulsoid and protein respectively can be 


explained. | 

The order in which the metals precipitate suspensoid protein is 
‘practically that in which they produce a colloidal carbonate with a 
soluble carbonate namely Pb > Cu > Hg > Cd > Fe” > Zn, and the only 
‘point that is at all doubtful is whether Fe“ does not produce a colloidal 
earbonate at a slightly higher dilution than Cd, it being somewhat 
difficult to determine whether this is so or not. Ag and Be have 
special explanations and will be referred to directly. 

Ni, Co, Mn, Ba, Ca, Sr, which have no action even upon 1-24 
emulsoid protein, are all effective precipitants of the latter when in 
the suspensoid state. This can all be explained if it be assumed that 
the bicarbonate has been partly converted into a carbonate by heat, for 
it is easy to show that with solutions of carbonates of strengths corre- 
sponding to those normally present in 1-24 protein, namely N/375 to 
N/600, these metals form colloidal carbonates whereas if the salts are in 
the bicarbonate form the same metals will give no colloidal carbonate 
unless the concentration of the soluble bicarbonate be increased to a 
strength beyond which it is naturally present in protein. It was shown 
that one of the alkaline earths Ba gave with various concentrations of 
carbonate a colloidal precipitate which is far greater at about BaCl, — 
‘M/80 than at higher or lower dilutions of the metal. This er : 
exactly with its action upon suspensoid protein. | 
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The results of increasing the concentration of protein solution 
(suspensoid) from 1-24 to 1-192 is exactly in accordance with the 
supposition that carbonates are present. The results with the most 
powerful metals like Pb have been shown to be a moving of the 
maximum of the second colloidal precipitate towards the centre whereas 
with the weak precipitants like the alkaline earths the effect is merely _ 
to change the quality of the precipitates with the varying concentra- 
tions of the soluble carbonate, the maximal point not — much 
affected. 

Also it was shown by diagrams that the precipitating salt ceases to 
act when its concentration falls to a certain definite amount below that 
of the soluble salt with which it is reacting. There being in the 1-24 
solution a carbonate concentration somewhere about N/400 the action 
of the stronger metals like Pb, Cd and Cu is cut short at a concentra- 
tion that experiments with dialysed protein to which carbonate has 
been purposely added in definite quantities would lead one to expect. 
The different results obtained with the metals when reacting with 
different concentrations of protein are paralleled by the results obtained 
with the same metals when reacting with different concentrations of 
soluble carbonates and evidently depend upon their capacity to produce 
colloidal carbonates at given concentration. It does not appear to be 
known why one metal will give a colloidal carbonate only at a high 

concentration whereas another metal will give a colloidal carbonate at 
a much lower concentration though apparently it depends upon some 
capacity to charge particles which must be of an electrical nature. But 
the differences which can be shown experimentally to exist between 
various metals serves to explain the action of these metals upon 
protein. 
Tl and Be act in a somewhat different way. TI does not produce 
colloidal carbonates in any concentration that will be present in protein 
and the reaction with Be would be of a slighter order. It was suggested 
in a previous communication that the action of TI was due solely to the 
H ions which this metal gives rise to and there can be little doubt that 
this explanation in the main applies to Be. With a 1-192 suspensoid 
solution an M/3000 or N/1500 Be solution gives a full precipitate, the 
amount of H necessary to neutralise carbonate present being about 
N/3000—a hydrolysis of 50 /. Now according to Mines! BeSO, does 
not hydrolyse to this extent until it reaches a greater dilution than 
— but the problem is complicated by the fact that it cannot be told 

1 This Journal, v. xu. p. 927. 
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how much of the Be salt has become converted into a carbonate and 
the concentration of Be and CO,” ions so reduced, the mere fact of a 
visible precipitate not appearing being no proof that BeCO, is not 
formed and held in suspension. With a more concentrated solution of 
both protein and Be the formation of a colloidal carbonate plays a 
greater part but with a suspensoid protein (1-192) the comparatively 
sudden rise and fall of the curve around the dilution M/3000 shows 
that H ions are the principal factor in the precipitation. 

It was previously suggested that the reason Mg does not precipitate 
undialysed suspensoid protein (1-192) was because of the presence of 
‘ammonium groups in protein. These were shown to be liberated by 
reagents such as Nessler and indeed the action of Hg cannot be 
explained without supposing the presence of amino groups. Doubtless 
these play a part in the reaction with Mg but the fact that dialysis 
makes the protein to some extent precipitable by Mg shows that the 
major portion of the reaction must be due to the kation Na. Mg is 
not only affected by ammonium and the H of the bicarbonate but 
also by Na as well for even with Na,CO, it ne precipitates only in 
high concentrations. | 

It might be thought that since the removal of carbonates by dialysis 
produces a non-precipitable emulsoid protein, which on conversion into 
the suspensoid state precipitates very readily with the metals, precipita- 


tion could not be due to the presence of carbonates. But there is 


no reason to think that the carbonates are completely removed. The 
difficulties of removing all salts by dialysis are well known (see Bayliss 
loc. cit.) and it will be found that no dialysis will abolish precipitation 
by concentrated solutions of the heavy metals. Varying degrees of 
dialysis show that the altered action of the metals is due to the 
gradually diminishing concentration of carbonate for as the latter process 
takes place the characteristic phenomena of lowered CO, concentration 
That is to say in the case of the most powerful metals like Pb the 
two maxima move apart so that the metal is capable of precipitating at 


a greater dilution, because it can produce a colloidal carbonate at 


greater dilution; while the weakest metals like Ca are little affected, 
because their maximum, which is single, remains at the same place, the 
quantity of precipitate it stands for being simply diminished with the 
lowered concentration. | 

The curves of suspensoid protein given in a previous communication 
resemble in every way those given by the same metals with carbonates, 
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and, as stated before, wherever comparison is possible through the 
nature of the precipitate given by any metal being such as to affect 
emulsoid protein as well, the curves for the two states of protein will be 
very similar. ‘The curves given for the three copper salts apply with 
certain minor modifications to suspensoid protein showing that the two 
rest upon what is substantially the same cause namely the production of 
colloidal carbonates the nature of which then determines whether they 
are able to act upon emulsoid as well as suspensoid protein. ; 

The case of Ag is probably an exception to the general rule that the 
precipitation of dialysed protein is due to reaction between the metal 
and a carbonate alone. The curve of undialysed protein shows that 
the end-point is mainly determined by the Cl concentration and the 
peculiarity mentioned above, namely that of all the metals Ag was the 
only one whose second curve was not removed by dialysis, suggests that 


with the very minute quantities of carbonate and chloride still left in 


the protein the chloride having an exceedingly low solubility ee 
was able to precipitate where the carbonate was unable. 

Since the addition of any salt with an insoluble reaction e 
appears to be able to determine the precipitation provided only that 
the salt can form a colloidal product it is only of secondary importance 
to determine exactly what is the actual chemical nature of these 
products in the case of protein solutions But probably their constitu- 
tion varies somewhat with the different metals so that in certain cases 


— they are pure carbonatés, in others oxy- and hydroxy-carbonates, while 


in others again, which do not form carbonates of any kind, they are 
hydroxides. 

It seems unlikely that they are in every case hydroxides, as the 
theory, put forward by Pauli and others’ and eae accepted, 
‘implies. 


SUMMARY. | 


Since thorough dialysis removes all precipitation of emulsoid protein 
by salts of the heavy metals, except in concentrated solutions of the 
latter, precipitation must be intimately associated with some removable 
constituent, | 

The experiment of adding salts to such dialysed solutions shows that 
the production of a body with a very low solubility product is the 
| . condition in causing precipitation. 
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The only salt found in the dialysate which is capable of ee 
this result is a bicarbonate (except in the case of Ag). 

The reaction of the metals with emulsoid protein closely follows the 
reaction of these metals with soluble bicarbonates and it is therefore 
concluded that the process depends upon this reaction. 

If it be considered to be proved that the presence of soluble bicar- 


bonates is the determining factor in the precipitation of emulsoid protein 


it establishes a probability that the precipitation of suspensoid protein 


is due to a reaction between the metals and soluble carbonates. The 


reaction between the metals and suspensoid protein follows in degree 
and also in the shape of the curves produced the reaction between these 
metals and soluble carbonates, the general increase. of precipitability 
accompanying the suspensoid state coupled with the partial conversion 
at any rate of the bicarbonate into carbonate being suggested as the 
cause of the difference of behaviour of the two kinds of protein with the 
salts of the metals. No dialysis can remove all the salts present and it 
can easily be shown that a protein solution after sufficient dialysis to 
make it non-precipitable, as above: stated, is distinctly alkaline to 
aligarin and when converted into the suspensoid state requires a certain 
definite quantity of acid to neutralise it, the amount being about one 
quarter of that which would be needed were it undialysed. 

Probably the precipitation of bicarbonates and carbonates acts 
mainly by the removal of the OH ions freed by the hydrolysis of these 


‘salts. But the results _ . 8883 NaCl suggest that there are 


other factors. 
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ON THE ACTION OF ELECTROLYTES ON PARAMG:- 
Clou. By DOROTHY DALE, Bathurst Student, Newnham — 


College, Cambridge. 


It is well known that organisms will not live in an environment which 
deviates beyond certain limits from the neutral point, That the acid 
and alkali limits depend on the hydrogen ion concentration of the 
medium rather than on its titration value is readily demonstrated. For 
example the addition of one drop of N/10 NaOH to a large volume of 
a culture of Paramœeium kills the organisms immediately, while at least 
ten times this amount of .NaHCO, is necessary to produce any marked 
effect. Now the addition of the very small amount of NaOH gives 
a great increase in the Coq’ comparable with that produced by the 
addition of the much larger amount of NaHCO,. The latter would, 
however, give considerably higher titration value than would the very 


small addition of NaOH. 


The experiments to be described in this paper were carried out in 
order to define the limits of Cy. between which Paramacium aureha 
can carry on its normal movements. The material was obtained from 
cultures grown at the Zoological Laboratory. In some cases a fresh 
supply of the culture was provided each day, while at others, a larger 
amount of the culture was obtained and was used for experiments for 
a week or ten days. 

The Cy. determinations were made by Sörensen's methode The 
chemicals used were Kahlbaum's purest (whenever possible those speci- 
ally prepared for Sérensen’s method were used) and the solutions were 
made up with water distilled from glass. Now although water of very 
low electrical conductivity may be regarded as possessing a high degree 
of purity from a chemist’s point of view, the work of Nageli, Locke 
and others@ has shown that very minute traces of heavy metals, so 
small that they can have but little effect on the conductivity, are yet 


1 The symbols On · and Con’ stand for the expressions ‘ hye negranmn 
and “hydroxyl ion concentration” respectively. 
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potent in their action on organisms living in that water. A test of the 
“ physiological purity” of the water seemed therefore to be of greater 
value than a determination of its conductivity. A culture of Para- 
moscium in the glass distilled water was obtained by Jennings’ method 
(see below) and after a week the organisms in it appeared to be quite 
normal. 

In order that the Cn of a solution may remain fairly constant, it is 
necessary to have in the solution some feebly dissociated substance, 
6 9. the salt of a weak acid. The effect of the presence of this salt 
(Strensen’s buffer) is to limit the change in Cy- produced by the 


addition of acid or alkali, so that, over a certain range, a much larger 


quantity of acid or alkali is necessary to produce a given change in the 
Cy: than if the “buffer” were absent. The use of a “buffer” is particu- 
larly necessary when making the Cy. measurements by Sdrensen’s 
method, for if the solution contained only strong acids and their salts, 
in the of the solution. | 
It was therefore necessary to perform preliminary experiments to 
find which buffers” suitable for the Sörensen determinations were 
innocuous to Paramecium. 
The substances used in these experiments were sodium acetate, 


the addition of the indicator itself would cause an appreciable change 


glycocoll and tribasic sodium citrate. The solutions were tested by — 


mixing equal volumes of culture and test solution and observing the 


Parameecia from time to time. The following results were obtained 588 


Na Ac. M/10 (1) All alive and apparently normal in 58 hours. | 
on 2 ” ” ” 
” „ (2) ” 


Nas Git. M/10 (1) Most dead in 1} hours, all dead in 23 hours. | 
„ Me ) Few dead in 4 hour, all dead in 43 hours. 
oe „ 18) Most dead in 14 hours, all dead in 4 hours. 


It therefore appeared that both glycocoll and NaAc. in M/20 solution 
were harmless to the Paramoscia. The Na Ae. was further tested by 
obtaining, by Jennings’ method, a culture of the Paramocia in a 
pure solution of Na Ae. A long narrow glass tube was half filled with 
ordinary culture, then filled up carefully with 75% Na Ac. so as to cause 
as little mixing of the fluids as possible. The next day the upper part 
of the solution (containing nearly all the Paramacia) was pipetted off 
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aad transferred to a clean tube, which was again filled up with the 
Na Ac. solution. Four days later this was repeated, and a few days 

later was carried out a third time. In the almost pure 75% Na Ac. 

thus obtained, the Paramecia seemed to be quite normal some days 
later. The Na,Cit. was slightly alkaline to rosolic acid. It was found 
that the addition of citric acid reduced its toxicity, but that the addition 
of caustic soda increased its harmful action. An attempt was therefore 


made to find if a considerable increase in the Cy. of the Na, Cit. 1 9885 
render it harmless. | 


"Exp. ‘Bqual volumes of culture and Effect. 
1, Na, Cit. M/80 Fiew dead in 4 hour, all in 44 hours, 


2. Ne, Cit! M/80.50 pts.) Few dead in 454 hours, fluid cloudy in 47 hours, 
H, Cit. M/80 85 pts. , many still alive in 694 hours, all dead in 122 hours. 


5 M/30 38 Few dead in 454 hours, fluid clear in 47 hours, : 
H, Cit. M/30 50 pts. most still alive 6 weeks later. 


Exps. 1 and 3 were repeated and the results confirmed. It therefore 
appears that the citranion is as harmless as acetanion and glycocoll | 
provided the Cy. of the solution be raised considerably. 

For the Cy. determinations the test solutions used were: 


I. For the acid limit: 


iz Na A0. M/10+H Ac. N/10. 3 
ii... Na Ao. (1.1 M/10) +H A0. 1-1 : 
iii. Glyeocoll M/104+ HCl N/10. 

ir. Na, Cit, M/80+H, Cit. N/10. 


u. For the alkaline limit; 
i. Na A0. M/10+NaOH N/10. 


ii. Glyooooll M/10+ NaOH N/10. 
in. Na, Cit. M/80+ NaOH N/10. 


In the earlier experiments it was. decided to 1 as a 8 for 
comparison the Cy. which brought the Paramocia completely to rest in 
90/100“, but in each of the later experiments a series of points was 
taken, from which it was possible to draw a curve relating the Cy. of the 
mixture to the time needed to kill the Paramecia. In order that the 
results might be comparable it was necessary to find whether the limit 
varied in different cultures and at different times in the same culture. 
It was found that although the Cy. of the cultures themselves moet, 
the fatal Cy: limits for a given “ 1 were very constant. 
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Mixture ‘Few dead All dead On of mixture 
1 4 drops culture, 4 drops of a mixture 50” 100” 3 
Na Ac, 1˙1 M/10 and H Ac. 1-1 N/10 | | 
2 2 drops culture in distilled water +2 60” a ae 
drops mixture of Na Ac. 1-1 M/10 
and H Ac. 1˙1 N/10 


8 60’: 96% 


4. Fresh lot of culture, 2 drops cultore 60“ 900 10° 
+2 drops of acid mixture ; | 
5 Grops of culture and 3 drops of 785“ 105” 
acid mixture 


The proportions of H Ac. and Na Ac, in 8, and 5 were varied slightly to produce 
the required differences in On-. 
The Cn of the culture used in Exp. 1 was 10-78, 

The culture in distilled water used in Exp. 
culture in pure Na A0. (see p. 180). Its Cy. was not determined but must have been 
markedly different from that of the culture used in Exp, 1, since the Na Ac. +H Ac. 
mixtures added in Exps. 1 and 2 were different and gave the same final On- 


Mixture added in Exp. 1 was 12 ¢.c. H Ac. 1°1N /10) Made up to 1000 0. 0. 
with Na Ac. 1:1 M/10 

The experiments were carried out as follows: The culture was well stirred, and 3 or 
4 drops were transferred by a pipette into a watch-glass. An equal volume of the test 
solution was then added, the contents of the watch-glass were well mixed and observed 
under a microscope with 14” objective. The Cy. of the test solution was then altered by 
either increasing or diminishing the proportion of buffer to acid (or alkali) until the 
Parameecia in a mixture of equal volumes of culture and test solution were brought to rest 
in 90/100“. A similar mixture of 2°5 0.0. of culture and 2˙5 ¢.c. of test solution was 
then made, a few drops of the appropriate indicator added, and the Cg. determination 
made, using Walpole’s device to compensate for the colour of the culture. With a 
single exception the fatal Cxu- limit was determined independently two or more times for 
each buffer. The results table: 


Hydrogen ion concentration 
. “Buffer” Alkaline limit 
Na Ac. mean value 
| 10-11-76 } 10-14 
10-68 10% 
‘ioe 
19-3} | 
Glycocoll 10% 10-11-76 
10 10-08 } 


From this table it will be seen that whereas on the acid side the 
fatal Cy. limits with glycocoll and Na, Cit: are approximately the same 
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and are considerably higher than with Na Ac., on the alkaline side the 
fatal Cog with Na, Cit. is much lower than with glycocoll and Na Ac. 
which here have equal values. 

When these values had been found in most cases a series of test 
solutions was made which with an equal volume of culture gave 
mixtures of Px ranging from about 3 above to 3 below these values. 
Mixtures of equal volumes of these test solutions and of culture were 

_ then observed in watch-glasses, the time of cessation of movement 
noted, and the Cn of the mixture measured. It was found that these 
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Fig. I. Curve showing the relation of survival period to P, on the acid side, Solutions . 
used in this experiment were Na Ac. M/10 and H Ac, N/10. In the On measure- 
ments Sörensen's standard Na,H Cit. and NaOH were used with methyl red as 
indicator. | 
Fig. 2. Ourve showing the relation of survival period to P- on alkaline side. Solutions 
used in this experiment were Na, Cit. M/30 and NaOH N/10. In the Cy. measure- 
ments, Sdrensen’s standard glycocoll NaH,BO, and NaOH were used with phenol- 
phthalein and thymolphthalein as indicators. 


The symbol P}, is used by Sörensen to denote the logarithm of the On-, the negative 
sign being understood, ¢.g. the Pj; of a solution of On 10-* is 5-5. 
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determinations when plotted gave smooth curves showing the relation 
of survival period to Cn. 
A few. experiments were also performed on the comparative toxicity 


of certain salts. In each case the concentration of salt given below is 


that in the mixture of culture and test solution. 


In the group of the alkaline earth metals, the toxicity rises with 
increasing molecular weight. 


M/20 All alive after 97. 
CaCl, M/20 | Some dead in , most still alive after 7’ 45”. 
SrCl, M/20 All dead in 4 80”. 

Bal. M/20 All dead instantaneously. 

Bal, M/100 All dead in 4’. 


Salts of the metals Be and Cu were also tested. In M/16 BeSO, 
the movements stopped immediately. BeSO, is however so much 
_ hydrolysed in solution that the Cy. in even a dilute solution would 


be sufficient to kill the Paramecia. It therefore seemed useless 
to test the beryllium salt further. In M/20 CuSO, the infusoria were 


brought to rest at once, and in M/1000 solution in 60”. It was found 


in preliminary experiments that HCI N/300-N/350 was, necessary to 
kill the Paramacia within 60“. Now even if the CuSO, were com- 
pletely hydrolysed, it would not be equivalent to this strength of HCl 
and as the hydrolysis is very far from complete, the action of CuSO, 
can only in part be explained by the hydrolysis it undergoes in solution. 

It was found that the salts of the rare earth metals had much more 
potent action than had those of complex trivalent kations. 


(Cofen),JBr, M/54? Most dead in 10’. 

[Co(en),]Br, M/40 Most dead in 1’ 80”. 

[Co(NH,),}Ol, M/18 | Some dead in 10”, all in 1“ 15”. 
M/1600 All dead in 8’ 30”. 

LaCl, M/250 All dead instantaneously. 

M/1000 


The rare earth solutions gave an orange colour with methyl red, 
only slightly more red than the colour given by the stock distilled water. 
This indicates Cy. about 10% It is therefore highly improbable that 
the Cy. of the mixture of the rare earth solution and the rather alkaline 
culture was sufficient to account for the action. Also in HCI N/300 
the Paramescia are killed instantly and in HCl N/400 they survive for 


more than 10. Therefore if the DiC], M/1500 were completely dis- 


sociated, the acid formed would certainly be insufficiént to kill the 


Werner tha symbol en for the group | 
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-Paramescia i in 84. Now Dryfuss and Wolf in their work on the 
rare earths attributed their action on Paramcecium in part to hydrolysis, 
but from the present experiments it appears that their action can only 
to a very small extent, if at all, be ascribed to hydrolysis: Jennings) 
when investigating the chemotaxis of Paramcecium found that animals 
that had lived in distilled water for at least three or four days were 
much more sensitive to chemical agents than under normal circumstances. 
The sensitiveness of the Paramecia was so increased that solutions of 
acids, which formerly gave positive chemotaxis, now gave a distinct 
negative effect. Experiments have therefore been done to determine 
whether the fatal concentration of certain electrolytes is much lower 
with culture in distilled water than in ordinary cultures. 


4 drops ordinary culture+1 drop Most still living after 5’. 
Co(NH;),Cl, 8 %/, | 
4 drops of culture in distilled water Most stopped within . 
+1 drop Co(NH,),Ol, | 
4 drops ordinary culture+1 drop Many still moving after 11’. 
CuSO, M/500 
E Most stopped within 1’. 


+1 drop M/500 
It therefore appears that in the case of certain electrolytes, the fatal 
concentration is much lower for Paramescia that have lived for some 
time in distilled water than for those that have not been removed from 
the culture. This effect does not however hold for all electrolytes. As 
already stated (p. 131) the fatal Cy. limit is the same whether ordinary 
culture or culture in distilled water be used. In the case of Na, Cit. 


i the ordinary culture seemed rather more sensitive than culture in 


distilled. water. 


4 drops ordinary oulture 4 drops ‘Mest tn 63 
Na, Cit. (neutralised to 
rosolie acid) 
4 drops culture in distilled Ad. ＋ 4 Many still moving in 6 15”. 
drops M/20 Na, Cit. (neutralised 
to rosolic acid) 
Now as already stated the harmful effect of citranion is 1 
by H'. The culture in distilled water has a greater Cy. than has the 
ordinary culture, we should therefore expect the citrate to kill the 
_ Paramecia more quickly in dhe ordinary culture than in distilled 
water. 
Abnormal movement. In some of the een the progression of 
the Paramocia was considerably modified on the addition of the test 
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solution. In all cases a marked increase in the Cy: of the culture, 
insufficient to be instantly fatal, caused a temporary great rise in the 
velocity. After remaining high for some minutes the velocity gradually 
became less and less and the Parameecia were finally brought to rest. 

The addition of Mg” also increased the velocity greatly. A similar 
effect but less marked was given by Sr“. The action of = in e 
the velocity was antagonised by 82 Oit. 


A 4 drops eulture+4 drops MgCl, M/20 Very few dead in 54’, great increase 
„ | in velocity. 
4 drops culture + 4 drops Many dead in 1 15”, most dead in 
MgCl, M/10 no obvious in 
Na, Cit. M/10 J 


The addition of the simple 8 positive ions to he 8 


caused a great increase in velocity. The presence of CeCl, M/600 gave 


a considerable rise in velocity — 
which gradually fell off till the 
Parameecia came to rest. The 
addition of alkali to the culture 
also caused some increase in 
velocity, but its most marked 
effect was a curious change in 
the type of movement. In- 
stead of the normal rotation | 
round the long axis of the body, eget: 
the animal barely changed its 
position in the field. The 
anterior end rotated in rather 
wide circles while the posterior 
end remained almost still (see : 
‘Fig. 3). 2 | 
The movements gradually on of alta, 
became slower, and in some 


cases more normal, until the animal was 8 to rest. In all cases, 


as soon as the Paramecium was dead, the clear surface layer seemed to 


separate from the deeper, granular cytoplasm, and transparent balloon- 
like out-growths were formed. After a few minutes the cytoplasm 
suddenly burst into and was 


Fig 4). 
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ELECTROLYTES ON PARAM@OIUM. 137 

The addition of mixtures of Na,Cit. and H,Cit. also caused 

modification of movement. In a mixture of an equal volume of 
(Na, Cit. M/80 50 pts. - H, Cit. M/30 15 pts.) and culture, the Paramecia 
did not rotate round their own axes but went round in circles of 
diameter about once to twice their own length (see Fig. 5). The circles 


Diagrams to show movements of Paramccia on the addition of citrate mixtures. 


gradually got larger until after 4’ 30” the swimming became normal 
again. With acetate mixture (Na, Cit. M/30 50 pts. +H, Cit. M/30 
25 pts.) the animals revolved in the plane of the field round an axis 
rather nearer the posterior end of the body but showed no rotation 
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round their own longitudinal axes (see Fig. 6). This movement became 
normal in about 2’. 

With the citrate mixture (Na, Cit. M/30 50 pts. + H, Cit. 1/30 35 
pts) the movement was much less abnormal. It was rather rapid and 
jerky and was accompanied by very frequent changes in direction. 

From these experiments it seems therefore that the hydrogen ion, 
the divalent and the simple trivalent positive ions possess in common 
the power of greatly increasing the velocity of Paramecia without 
making the movement otherwise abnormal. But the hydrogen ion and 


the simple trivalent positive ion are both very much more potent in this 


action than is the divalent positive ion, the addition of HCI N/200 


CeCl, M/300 and MgCl, M/10 respectively to equal volumes of culture 


giving approximately the same effects. 

The changes in the movement produced by alkali and citrate 
mixtures showed considerable resemblance but the action in the latter 
case could not have been produced by the hydroxyl ion, since the 
Na, Cit. was only very slightly alkaline to rosolic acid. The mixture 
(Na, Cit. M/30 50 pts. +H, Cit. M/30 20 pts.) gave an orange colour 
with methyl red, indicating Cy. about 10 while the mixture (Na, Cit. 
M/30 50 pts. + H, Cit. M/30 40 pts.) which caused rapid jerky movement 


had Cy. 10 Now the only point in common between the OH’ and 


Cit.“ is that they are both very potent in conferring a negative charge 
on colloidal material@. It may therefore be that the abnormality of 


movement observed in these cases is due to an excessive negative charge 
conferred by the OH’ or Cit.” on some part of the complex colloidal 


system constituting the Paramecium organism. If this be the case, it 
offers a ready explanation of the antagonism of sees 198 by H and by 


A. 4 drops enlture+4 drops Many dead in 1’ 15”, most 
Na, Cit. M/20 in 5’ 80”. - 
B. 4 drops culture+4 drops None dead in 1’ 20”, some 
dead in 5’ 80”, but fewer 
MgCl, M /10 1 pt. than in A. 
C. 4 drops culture+4 drops None dead in 1“ 80”, very 
MgCl, M/20 ; few dead in 5’ 80”, great 
increase in velocity. 


The death of the Paramescia in Na, Cit. M/10, Px about 7˙5 would 


on such an hypothesis be due to some part of the organism becoming 
too highly charged with negative electricity, this charge bringing about 
some important change in the state of the colloidal system. By virtue 
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of its positive charge, the addition of a polyvalent kation or an increase 
in the On: would antagonise the action of the citrate and render it as 
harmless as a solution of Cy. within the normal limits and containing 
only monovalent ions. 

This hypothesis would also account for the difference in the fatal 
On limits with Na Ac. und Na, Cit. as “buffers.” Since the citranion 
tends to make the charge on the colloids too negative, a greater inerease 
in the On is necessary to produce the fatal excessive positive charge 
while a smaller increase in the Coy is needed to give the fatal negative 
charge. 


SUMMARY. | 
I. Experiments have been performed to determine the Cx. limits 
fatal to Paramecium aurelia. 


2. These limits for a given “ buffer” were constant for the various 
cultures used. 


3. The Cn limits are different for different buffers.” 
4. The fatal concentrations of certain salts have also been found. 
5. The simple trivalent positive ions have a much more potent 


action on Paramecium than have the complex trivalent ions. 


6. The action of the simple trivalent positive ions, although closely 
similar to that of increased On-, is not explained by hydrolytic dissocia- 
tion. | | 
7. Changes in the On and the addition of certain salts cause 
marked change in the movements of Paramescium. 
8. Increase in the Cy. and the addition of polyvalent positive ions 
cause a rise in velocity, with no abnormality in the type of movement. 
9. Increase in the Con and the addition of citranion cause a 
marked change in the type of movement. 
10. The action of the hydrogen and hydroxyl ions and of the 
_ polyvalent kations and anion may perhaps be ascribed to the power 
possessed by these ions of conferring electric charges on colloidal 
materials with which they come in contact. 


: I wish to thank Mr G. R Mines for suggesting this research and for 
his valuable advice and criticism 
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DISTRIBUTION OF NERVES IN THE HEART. 
By WINIFRED CULLIS, DSc. anp ENID M. TRIBE, BSc. 

(From the Physiological Laboratory of the London (Royal Free 
oe Hospital) School of Medicine for Women.) 
THE object: of this investigation was to determine the distribution of 
the nerves in the mammalian heart, particularly with regard to the 
presence or absence of vagus and sympathetic fibres in the ventricle. 
The method adopted was to note the results of stimulation of the 
cardiac nerves in the saline perfused organ, before and after section of 
the auriculo-ventricular bundle, and the effects of drugs which act upon 
nerve endings on similar preparations. 
3 As far back as 1882 Gaskell? drew attention to the fact that in 

the tortoise heart stimulation of the vagus affects only the rate, not the 

force of the ventricular contractions; and later he was able to state 
that the vagus has no effect whatever upon the ventricle of any cold- 
blood vertebrata except the Amphibia, and that even in that ‘class it 
affects the ventricle to a less degree than the auricle. In 1885 
McWilliam? showed that in the eel the ventricle is not affected by 
vagus stimulation, but that in the newt’ the ventricle is affected to 


a @ certain extent, since during vagus stimulation the ventricular muscle 


is inexcitable. From experiments on cats“ he concluded that while the 
auricle is inexcitable and very depressed during vagus stimulation, the 
ventricle is very little affected, the functional relation between the vagus 
and the auricle being much more intimate than between the vagus and 
the ventricle. In certain cases, however, he found that the vagus may 
diminish the force of ventricular as well as auricular contractions. The 
experiments of Roy and Adami’ and of Bayliss and Starling’ in 
1892 showed that the ventricular muscle is certainly much less subject 
to vagus influence than the auricle, but these observers also considered 
that under certain conditions a direct action of the vagus upon the 
_ excitability of the ventricle can be shown. 

1 Gaskell. This Journal, m. 371. 1880-82. 

2 McWilliam. This Journal, vi. 192. 1885. 

3 McWilliam. Ibid. Proc. vi. p. xvi. 1885. 

4 McWilliam. Ibid. rm. 845. 1888, 

5 Roy and Adami. Phil. Trans. Roy. Soc. p. 287. 1898. 

Bayliss and Starling. This Journal, uu. 407. 1892. | 
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142 W. CULLIS AND E. M. TRIBE. 


The possibility of complete dissociation of auricle and ventricle by 
section of the auriculo-ventricular bundle gave a more conclusive means. 
of attacking this problem. Hering“, using the artificially perfused 
heart, showed that the vagus had no inhibitor action upon the ventricle 
after section of the bundle. Erlanger“, blocking by compression of the 
bundle, with the heart in situ, also found no action of the vagus on the 
ventricle after complete block; with a partial block, he obtained slight 
inhibition. He states that there are no nerve trunks in the bundle, and 
that no recovery of inhibitor action is found even after sufficient time 
for the complete regeneration of nerves has elapsed. Fredericq’ 
concluded that nerve fibres are present in the bundle. By moderate 
compression he found it possible to break down conduction of the beat 
from auricle to ventricle, without interfering with the vagus action upon 
the ventricle, and from this be argued that the muscular tissue of 
the A.V. bundle is destroyed before the nervous, Complete crushing 
abolished the vagus action. Atropine had no effect upon the ventricle, — 
and in cases of Stokes-Adams’ disease large doses of atropine were 
tolerated. These last three observers all state that sympathetic fibres 
run differently, and their action on the ventricle is unaffected by section 
or compression of the bundle. 

Cohn“ showed that stimulation of the left vagus inhibited the 
ventricle without affecting the auricle, and therefore concluded that it has 
a ventricular or atrio-ventricular distribution. Robinson and Draper“, 
working on man, and inhibiting the heart by compression of the vagus 


in the neck, came to similar conclusions, and suggest that the left vagus _ 


supplies the conducting system between auricle and ventricle. Ritchie‘, 
also on man, showed that compression of the vagus depressed conduction, 
and in three cases of complete heart-block he was able to show that the 

vagi had no effect upon the ventricle. 
: Garrey’, working on the amphibian heart, showed that after 
separation of the auricle and ventricle by compression the vagus action 
on the ventricle was lost. 

In the present research the heart in situ was perfused through the 
coronary circulation with Locke’s solution by means of a cannula tied 
into the aorta and connected by rubber tubing to the heart perfusion 

' Hering. Arch. J. d. ges. Physiol. (a) ovr. 97. 1905; (b) oviir. 267. 1905. 

2 Erlanger. Zérbl. f. Physiol, xxx. 9. 1905. 
3 Fredericq. Arch. Inter. de Physiol. x. 405. 1910. 
‘Cohn. Journ. Exp, Med. xv. 49. 1912. 
5 Robinson and Draper. Ibid. (a) w. 217. 1911; (b) xv. 14. sats. 
Ritchie. Quart. Journ. of Med. Oct. 1912. 
1 Garrey. Amer. Journ, Physiol. WII. 249. 1912. 
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NERVES OF THR HEART. 


apparatus of Brodie and Cullis’, The beats of auricle and ventricle 
were recorded separately by two levers writing one above the other. 
The animals used were mainly rabbits, but in some cases cats were 
employed. The rabbits were killed by pithing or by a blow on the 
head, the cats were in most cases pithed, but in two cases the animals 
were chloroformed. Since the heart was left in the body, it was possible 
to note the effect: upon the beat of electrical stimulation of the cardiac 
_ nerves, For this purpose the vagus was isolated in the neck and stimu- 
lated peripherally, and the sympathetic fibres were tested by exposing 
and stimulating the stellate ganglion. For section of the A. v. bundle a 
small slit was made in the right auricle, and through the bundle 
could be viewed and cut. 


Fig. 1. Rabbit's beart. Stimulation right vagus. v. bundle nilt. 


The effects of stimulation of the vagus before and after section of 
the A. v. bundle confirmed the results previously obtained by other 
investigators. In the heart with 
an intact bundle vagus stimulation 
produced the usual inhibitor 
effects upon both auricle and 
ventricle, but after section and 
consequent arhythmia, stimula- 
tion of the vagus failed to have 
any effect upon the ventricular 
contractions (Figs, 1 and 2). 
Stimulation. of the sympathetic 
fibres gave rather less definite 
results. In the intact heart 
stimulation of the ganglion caused * Lo 
acceleration and augmentation of 

Brodie and Cullis. This Journal, 887. 1908. 
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144 QULLIS AND M. TRIBE. 


both auricle and ventricle, but after section of the bundle the effects 
were less constant. In many cases in rabbits the sympathetic action 
on the ventricle was much reduced or even absent, though the usual 
auricular effect was produced (Fig. 3), but in cats stimulation of the 
sympathetic fibres in the arhythmic heart caused distinct augmentation 
and acceleration of the ventricle as well as auricle, although vagus 


stimulation in the same heart Se its effect upon the auricle alone 


(Fig. 4). 


Fig. 3. Rabbit. Stimulation aympathetic. 4. v. bundle out. 


Fig. 4. Oat, A. v. bundle cut. 
(A) Stimulation of vagus. 
(B) Stimulation of sympathetic. (C=6.) 


With regard to the absence of vagal action upon the ventricle after : 
section of the bundle, the results might be explained in either of two 


ways: (1) that all vagus fibres in passing to the ventricle run in the 


A. v. bundle and are therefore severed when the bundle is cut; or 


(2) that no vagus fibres pass to the ventricle. 

In order to further investigate the existence of vagus 0 sym- 
pathetic fibres in the ventricular muscle, the action of certain drugs on 
the heart, before or after section of the A. v. bundle, was next studied. 
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NERVES OF THE HEART. 13463 


The drugs were tested on the heart in situ, or on the isolated heart in 
the suspended Position; they were dissolved and made up to the 
‘requisite strength in the warmed oxygenated Ringer drawn off from 
the apparatus, and were injected into the perfusing fluid close up to 
the heart, so that they passed directly into the coronary circulation. 
Special precautions were taken in the introduction of the drugs, so that 
the temperature and pressure of the fluid entering the heart were 
maintained as nearly as possible constant, and results were often checked 
a the injection of equal amounts of saline = containing no 
rug. 

The drug first used was pilocarpine. On the intact heart it produced 
the normal partial or complete inhibition of both auricle and ventricle 


„ Pig. 5. Cat. Injection pilocarpine, 05 ¢.c. 1% solution. A. v. bundle cut. 


for varying lengths.of time, the effect upon the ventricle being just as 
marked as that upon the auricle. After section of the bundle there 
was an immediate alteration of the effect. With a fresh, and vigorously 
beating arhythmic heart, injection of pilocarpine produces its usual 
inhibitor effect upon the auricle, but has either no effect upon the 
ventricle, or produces only a very slight slowing (Fig. 5). Sometimes, 
indeed, acceleration of the ventricle may be produced, due vey to 
stimulation of the sympathetic fibres. 
II, as is claimed by some observers, pilocarpine acts on nerve endings, 
these experiments would seem to show that since pilocarpine causes no 
XLVI, 16 
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inhibition of the ventricle after section of the bundle, the ventricular 
muscle must be free from vagal endings. | 

It was realised later that doubt exists as to the exact point of 
attack of pilocarpine, and the experiments therefore were repeated using 
muscarine’, which, as seems to be agreed by all investigators, acts 9 885 


* 


. Rabbit. Injection muscarine. v. bundle intact. 


Fig. 7. Cat. Injection musearine. A. V. bundle cut, In upper tracing only one auricle 
beat after injection; small movements due to pull of ventricle on auricle lever. 


final vagal terminations, The muscarine was obtained as an alcoholic 
solution; before each experiment some of this was evaporated as nearly 
as possible to dryness, and then extracted with an equal serene of the | 


perfusing solution. 


ae For the muscarine we have to thank Prof. Hisllibarton, who kindly mere us a very 
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NERVES OF THE HEART. 147 


The results obtained with muscarine were similar to those with 
pilocarpine. Inu the fresh and vigorous heart, we obtained inhibition of 
both auricle and ventricle in the intact organ (Fig. 6), but after section 
of the A. v. bundle, inhibition of the auricle only was produced (Fig. 7), 
though occasionally there was a slight slowing of the ventricle, 3 


1 Fig. 8. Rabbit. Injection muscarine, 4. v. bundle cut. 


Fig. 9, Cat. Injection atropine, 0°5 ¢.c. 1% solution. 4. v. Pendle out. 
Same heart as Fig. 5, two minutes later. 
due to slight differences of temperature and to traces of potassium in 
the muscaxine solution (Fig. 8). It is to be noticed, however, that after 
several injections of pilocarpine or muscarine, or even on a first injection 
in a fatigued or erratic heart, a slowing, or sometimes a sudden stop 
10—2 
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148 W. OULLIS AND E. M. TRIBE. 
may be noted in the ventricular. beat (after complete section of the 


bundle) In these cases the auricle was found to be much less affected 


than usual. It is important to note that in such hearts stoppage of the 
ventricle may also be prodaced by the injection of various other ew, 
for instance, normal saline solution, or even atropine. 

Since the auricles are known to contain vagus fibres, and to 105 less 


affected than the ventricles by muscular depressants, the fact that in 


these cases they are only slightly inhibited, or entirely unaffected, leads 
us to view this occasional result as being due to an action of the 
muscarine not upon nerves, but upon fatigued muscular tissue. Straub’ 
has shown that muscarine does act upon muscle. 

As a further means of testing this question, the action of atropine 


was next investigated. In the intact heart, the injection of atropine 


— — 


— ibe 


Fig. 10. Rabbit. “Injection atropine. 4. v. bundle cut. 


after pilocarpine or muscarine was followed by marked acceleration and 
augmentation: in both auricle and ventricle, but after section of the 


A. v. bundle the effects were confined to the auricle (Fig. 9). In one or 


two cases very slight transitory acceleration of the ventricle beat 
occurred, but this is not in the least comparable with the effect on the 


auricle or on the ventricle in the intact heart, and is explicable as the 

result of the action of atropine upon the muscle itself (Fig. 10). 
Considering therefore the differences in the effect of vagus stimula- 

tion and the action of drugs affecting vagal terminations, before and after 


1 Straub. Ztrdl. J. Physiol. xvi, 990. 1918. 
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_ section of the A. v. bundle, it seems clear that the ventricle is not supplied 
with vagus nerve endings, and that ‘normally the vagus exerts its effect 
on the ventricle only indirectly through its action on the auricular 
rhythm, but that possibly a few vagus fibres may end in the A. v. bundle 
itself. 

The action of adrenalin was in all cases practically identical before 
and after cutting the bundle. In the arhythmic as well as in the 
normal heart, injection of small doses of adrenalin (0-01 mgms.) produced 
the marked acceleration and augmentation of the beat characteristic of 
this drug (Fig. 11). There is therefore no doubt that the ventricle is 
richly supplied with sympathetic nerve endings. As the effects of 
stimulation of the accelerator fibres to the heart are the same both 
before and after section of the A. v. bundle, it is clear that these fibres 


Fig. 11. Rabbit, Injection adrenalin, 0-005 mgms. l. v. bundle ont. 


do not reach the ventricle only by way of the Av. bundle. Probably 
they run into the ventricle accompanying the coronary vessels. The 
course may not be the same in all animals, as in rabbits the effect upon 
the ventricle of stimulation of the sympathetic nerves is much weakened, 
or altogether abolished, by section of the bundle (Fig. 5). : 

It may be noted that in two animals (a cat and a rabbit) a condition 
of heart-block appeared to be already established at the beginning of 
the experiment, and the ventricle in these cases behaved precisely as 
_ when heart-block was produced artificially, and gave no indication of 
vagal action. 

Other experiments ‘supporting the e drawn from this 
research have been performed by C. 1 in this e to be 
published shortly. 0 
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CONCLUSIONS. 


After section of the A. v. bundle, pilocarpine and muscarine do not 


produce their normal slowing and inhibitor action upon the ventricles, — 


though they act normally upon the auricles; atropine following these 
drugs abolishes their action upon the auricles. but produces no effects 
upon the ventricles, Under similar conditions adrenalin still produces 
its normal effects upon the ventricles. From this we conclude: 


; (1) That the ventricle does not receive vagus fibres, and that there- 
fore the normal action of the vagus upon the ventricle is an indirect one. 


(2) That the ventricle is abundantly supplied with sympathetic 
fibres, which do not pass in only by way of the A. v. bundle. 


Part of the expenses of xe sean gn defrayed by a grant from the Government 
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ACTION OF CERTAIN DRUGS ON ISOLATED STRIPS 
of VENTRICLE. By CONSTANCE LEETHAM, BSc, 
Mabel Webb Research Scholar. 


e the Physiological Laboratory of the London (Royal Pree | 
Hospital) School of Medicine for Nomen.) 


As early as 1882 Gaskell showed that a strip of muscle cut from the 
apex of a tortoise heart, suspended and kept moist either with the blood 
of the aniznal or a drop of saline, gives spontaneous rhythmical contrac- 
tions, provided the animal from which the strip is taken is well fed and 
in a vigorous condition. The ventricle strip when once spontaneously 
beating, will continue to beat for as long as thirty hours, Gaskell even 
records one case in which the apex of the ventricle, suspended in a moist 
chamber, beat for as long a period as a hundred hours. | 

In 1897 Porter found that by inserting a cannula into the coronary 


artery supplying a portion of the ventricular wall in the hearts of dogs 


and cats, and perfusing with defibrinated blood diluted with saline, he 
was able to obtain rhythmical beats from isolated strips of the ventricu- 


| lar wall), 


It seemed possible that utilisation of similar strips would provide 
a method of further testing the question as to the presence or absence 
of nerve endings in the ventricle, by observing the effect upon such 


‘preparations of the addition to the perfusing fluid of drags whose action 


upon nerve endings is known. 

In the following experiments, strip preparations of the ventricle 
similar to those made by Porter were employed, a cannula being 
inserted either directly into the coronary artery supplying the portion 


of the ventricular wall required, or else into the right coronary artery 


as it left the aorta. This latter method has a certain disadvantage in 
that it is impossible to entirely cut away all the auricular tissue without 
injuring the coronary artery as it runs down the auriculo-ventricular 


groove, but in all preparations prepared in this way when the auricular 


tissue showed any rhythmical contractions, there was no connection 
between these movements and those of the ventricular tissue. 
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The animal was killed either by chloroform or by pithing, the latter 


method being abandoned when it was found that strips would beat on 
saline alone and it was no longer necessary to collect the blood from the 
animal. 

The heart having been removed and the cannula inserted into the 
selected artery, the strip of ventricle wall was cut away from the rest of 


the heart, care being taken that no part of the ventricular septum was 
included in the preparation. It was then suspended at the end of the 
heart perfusion apparatus of Brodie and Culliso A warmed solution of 
diluted defibrinated blood or warm saline was then perfused, and with 


very little delay the strip gave spontaneous rhythmical contractions. 
A lever was then attached, and the movements recorded. The right 
ventricle was generally used in preference to the left, for it was found 
that the former always survived for a greater length of time and — 
mical movements were more easily initiated, 

Prior to the contrary being proved by. 3 it was hoped 
that rabbits’ hearts perfused with oxygenated Ringer's solution might 
be employed, but although these hearts beat well when intact even 
though perfused only through one coronary, the separation of the 
ventricular wall invariably arrested the beat, and although the strip 
would respond to a mechanical stimulus and even give a few rhythmical 
contractions, these were never continued for any length of time. In the 
rabbits’ hearts also, the isolated coronary arteries were always too small 


to allow the insertion of any cannula of a practicable size. This being 


the case, cats were used, two experiments . performed on the hearts 
of dogs. 


Owing to the fact that the coronaries were of small size and the 
cannulg employed therefore of small bore, it was found difficult to 


maintain the flow for any length of time in the hearts perfused with 
diluted blood, as the corpuscles settling down in the mouth of the can- 
nula blocked the flow. It was in the hopes of preventing this that the 
cannula was inserted into the coronary as it left the aorta. The effect 
of perfusing backwards through the veins was also tried, but this was 
not successful, the strip always tending to become cedematous, the flow 
being impeded almost as rapidly. This difficulty was finally obviated 
by the discovery that the strips would beat well if perfused with Tyrode’s 


solution, consisting of NaCl 8 gms., KC] 0:2 gm., CaCl, 0˙2 gm., MgCl, 


0'1 gm., NaH,PO, 0:05 gm., NaHCO, 1 gm., dextrose 1 gm. Make up to 
1000 e.c. with distilled water. As a rule this solution was slightly modi- 
fied, the concentration of the bicarbonate being halved and that of the 
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potassium chloride doubled, the presence or absence of the dextrose did 
not appear to affect the efficiency of the solution. ; 

A curious fact may be noted here. Although it was found that 
strips of the ventricular wall could always be induced to give rhythmical 
contractions on the modified Tyrode solution, yet, with one exception, 
the intact heart could not be made to beat on this solution. Almost 
always fibrillations set in and no co-ordinated movements of the heart 
could be obtained. If a fibrillating heart was taken down, and a ventricle 
preparation made, spontaneous rhythmical beats were always obtained. 
Fibrillation was probably due to the fact that the heart was not receiv- 
ing sufficient oxygen; Porter himself states that a fibrillating dog’s 
heart can be made to beat rhythmically by increasing the supply of the 
perfusing fluid and consequently the supply of oxygen. Increase of 


Fig. 1. Ventriele of cat perfused with diluted defibrinated blood, showing action of 
1 0.8. 0°05 % pilocarpine. Augmentation and acceleration. : | 


potassium did not stop fibrillation. When the beats of the strip of 
ventricle had become comparatively regular, the various drugs to be 
tested were injected. The drugs were dissolved and made up to the 
required strength in the warm perfusing fluid drawn from the apparatus: 
either Tyrode’s solution or diluted defibrinated blood. As the flow was 
so small the drugs were injected into the perfusing fluid close to the 

In no instance had the injection of pilocarpine (1 Cc. of 1% or 0°05 %%) 
any marked inhibitory action, the most general result being a tendency 
to augmentation and acceleration of the beat. This effect is distinctly 
shown in Fig. 1, and is probably due to stimulation of sympathetic nerve 
endings. In other cases the beat may be slightly inhibited (Fig. 2), but 
this reaction is by no means comparable with the action of the drag 
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upon an intact heart. Seeing that the seat of action of pilocarpine is 
according to several investigators uncertain, muscarine, which is acknow- 
ledged to act only on nerve endings was employed. 7 

The muscarine solution was obtained by evaporating a small quantity 
of the alcoholic extract to dryness and then extracting with an equal 
volume of Ringer's solution when defibrinated blood was used for perfus- 
ing, or else with Tyrode’s solution. During the injection of the various 
drugs the temperature and pressure were kept so far as possible constant. 


Fig. 2. Ventricle of oat perfused with diluted defibrinated blood. Action of 
10.0. O-1 % pilocarpine. Augmentation and slight slowing. 


Injections of 1 c. muscarine produced no inhibition of the ventricular 
beat either in cats or dogs (Figs. 3 and 4), there may indeed be a ten- 
dency to quicken the rate, probably due, as was suggested in the case of 
pilocarpine, to stimulation of sympathetic nerve endings (Fig. 5). 


Fig. 3. Ventricle of cat perfused with Tyrode’s solution. Action of 1 c. e. muscarine. 


Injection of atropine (1 C. e. of 0-005 % caused no acceleration (Fig. 6) 
although it may augment the size of the beat (Fig. 7). The same 
augmentor effect followed upon the injection of a second dose of atropine, 
thus showing that the drug does not directly antagonise any vagus 
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Fig. 5. Ventricle of cat perfused with Tyrode’s solution. Action of 1 c. 0. muscarine. 
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action. This augmentor effect is due, doubtless, to a 8 action of 
the atropine upon the muscle fibres. 


Fig. 4. Ventricle of dog perfused with Tyrode's solution. Action of 1 C. c. muscarine. 


Fig. 6. Ventricle of cat perfused with Tyrode's solution. Action of 
| atropine 1 6.8, 0-001 %/,. 


In those preparations in which there was a rhythmic contraction of 
the auricular tissue round the auriculo-ventricular.groove, injection of 
muscarine inhibited these contractions in every case (Fig. 8), and a 
subsequent injection of atropine removed the inhibition. In those strips 
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in which there had been no contraction of the auricular tissue previous 
to its stimulation by atropine, — of this drug invariably initiated 
contractions (Figs. 6 and 7). 


Fig. 7. Ventricle of cat perfused with Tyrode’s solution. Action of 
atropine 1 0.0. 0°001 %. 


Fig. 8. Strip of cat’s heart showing auricular and ventricular beats. 
Aoetion of 1 ¢.c, muscarine. 


“> 


doric! 
4 


Fig. 9. Action of muscarine on an intact cat’s heart. 


In order to prove the activity of the muscarine and atropine solutions 
their action upon an intact heart was duly tested. Inhibition of both 
auricle and ventricle resulted in the case of muscarine injection ; inhibi- 
tion might be complete or only partial (Fig. 9). Subsequent injection of 
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atropine removed the ee the beat being considerably more rapid 
and augmented in size. 

Injections of adrenalin of varying 1 were tried. Doses of 
a strength sufficient to react upon sympathetic nerve endings showed 
always a typical sympathetic effect, —augmentation and acceleration of 
beat (Fig. 10), and in those cases in which there had been no rhythmi- 
cal movements of auricular tissue previous to injection, these were 
always initiated. Even when a strip of ventricular wall failed to show 
any rhythmical contractions, such could always be brought about by 
injection of weak adrenalin, 

This experiment proves conclusively the presence of sympathetic 
nerve endings in the ventricle, although it remains undecided whether 
the course of the nerves is by way of the auriculo-ventricular bundle 
(as would appear to be the case in the rabbit h) or by some other path. 

The results of these experiments, considered as a whole, would seem 
to support the conclusion arrived at by Miss Cullis and Mrs Tribe, 
namely, that the ventricle contains no vagus fibres, the normal inhibi- 
tion of the ventricle by the vagus being only an indirect action, a result 
of vagus action upon the auricles. 


Fig. 10. Ventricle of cat perfused with Tyrode's solution. 
Action of 0˙5 C. 0. adrenalin 


Out of eighteen experiments performed, one only resulted in the 


production of an inhibitory effect, following the injection of muscarine, 


and this was upon a strip which was vot beating satisfactorily. This is 
in accordance with the observation that muscarine has been observed to 
have more effect upon the ventricle than upon the auricle of fatigued 
hearts after section of the auriculo-ventricular bundle. The effect here 
aera is in all probability of a muscular nature rather than a nervous 
one. 


I should like to express my indebtedness to Miss Cullis for suggest- 
ing to me this piece of work, and my thanks both to her and Mrs Tribe 


for the assistance given in pores these experiments. 
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CONCLUSION. 


When isolated strips of the ventricle are taken, injection of pilocar- 


pine and muscarine do not produce their normal slowing or inhibitory 
action; atropine following these drugs produces no effect upon the 


ventricle, Adrenalin always produces its normal action. From this it 
is concluded that in ventricular muscle, sympathetic nerve endings | 


are present, but no — nerve endings. 
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THE FERMENTS OF THE PANCREAS. PART II. 


THE ACTION OF CALCIUM SALTS IN THE 
GENERATION OF TRYPSIN FROM TRYPSINOGEN. 
By JOHN MELLANBY, M.D. anv V. J. WOOLLEY, M.D. 


(From the Physiological Laboratory, St Thomas's Hospital.) 
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In the first part oh of this paper we have given an account of the 
generation of trypsin from trypsinogen by enterokinase under various 
conditions of dilution and reaction. From our experimental results we 
inferred that enterokinase is a proteolytic ferment which acts best in 
a neutral medium, that trypsinogen contains a protein moiety with 
which trypsin is combined, the nature of the combination being such 
that the proteolytic properties of trypsin are masked; and that the 
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160 J. MELLANBY AND V. J. WOOLLEY. 
generation of trypsin from trypsinogen by enterokinase depends upon 


the digestion of this protein moiety and subsequent liberation of trypsin. — 


But the part played by calcium salts in the generation of trypsin from 
trypsinogen demands a more detailed examination, partly on account of 
the peculiar and special properties which have been attributed to the 
element by certain investigators of the activation process, and partly on 
account of the relation of calcium to certain other ferment actions, 
notably the coagulations of blood and milk. 

The original statement of Delezenne@ that pancreatic juice, 
however carefully collected, becomes spontaneously active if a certain 
quantity of calcium chloride be added to it has been repeatedly 
confirmed, though no conclusive explanations have been given as to 
how the activation is brought about. It was shown by de Souzao 
that the optimal concentration of calcium required for the purpose 
corresponded closely with that required to combine with and precipitate 
the sodium carbonate of the juice and so bring about its neutralisation. 
Subsequently it was stated by Miss Ayrton that activation as brought 
about by calcium differed from that produced by enterokinase in that 
the latter could take place in juice from which the calcium had been 
removed by potassium oxalate while the former could not. 

In the following pages two main problems have been dealt with: 


(1) the influence of the calcium on the generation of trypsin from 


trypsinogen by enterokinase and (2) the capacity of calcium salts to 
generate trypsin from trypsinogen’ without the agency of enterokinase. 

The method of trypsin estimation has been previously described in 
detail; it depended upon the time of coagulation of suitably prepared 
milk by the activated pancreatic juice. 


THE INFLUENCE OF CALCIUM SALTS ON THE GENERATION OF 
TRYPSIN FROM TRYPSINOGEN BY ENTEROKINASE. 


(a) The calcium content of pancreatic juice. We were unable to 


produce a precipitate in pancreatic juice on the addition of 1% 


potassium oxalate to it, a quantity which is largely in excess of that 
required to precipitate the calcium salts of blood. It appeared therefore 
that ionized calcium is not present in pancreatic juice. Certainly on 
adding to the juice a large excess of neutral potassium oxalate (20 /) 
a flocoulent precipitate was formed but this precipitate was soluble in 
water and consisted of protein. On theoretical grounds it would appear 
improbable that an alkaline fluid containing a soluble carbonate to the 
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extent of Na,CO, N/6 should also contain calcium salts capable ae 


precipitation as oxalate. 
To determine whether pancreatic juice contains an appreciable 


amount of calcium in some organic combination we evaporated to 


dryness 10 C. of juice and the dry residue after weighing was ne, 


the ore figures being obtained 


Total solids... 178 7% 
Ash eve ove 900 77 "lo 


The wh was extracted with dilute HCl at 100°C. which was then 
filtered, neutralised with ammonia, acidified with acetic acid, and 
ammonium oxalate added, the total volume being 4 cc. Only a slight 
opalescence was produced by the oxalate, a result which indicates that 
in the original juice the amount of calcium present was exceedingly 
minute and might well have formed an integral part of the protein 
contained in it. No evidence was obtained that enterokinase in the 
dilutions used contained any calcium salts, and it is therefore clear that 


calcium- free enterokinase is able to generate trypsin from trypsinogen 
in calcium-free pancreatic juice and that calcium salts are not essential 


for the generation of trypsin from trypsinogen. 

(6) The effect on the activation process of adding potassium oxalate 
to pancreatic juice before the addition of enterokinase. Not only can 
calcium-free enterokinase generate trypsin in. calcium-free pancreatic 
juice, but the action can take place in the presence of considerable 
quantities of potassium oxalate. The following experimental results 
illustrate this statement: 


Coag. time after 
P. 4 K,0(1N) E HO hr 2 hrs. 8 hrs. 
1 0. 0 0 0. c. lec. . 9 0.0. — 58 mins. Iz mins. 
1 2 1 + 75 mins, 60 1 
1 4 1 5 75 63 1 
6 1 68 14 
1 8 1 . 72 2 


The presence of 2% — oxalate has practically no influence 
on the rate of activation. . 
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2. Tun CAPACITY OF CALCIUM SALTS TO GENERATE ‘TRYPSIN 
FROM TRYPSINOGEN. 


Every specimen of pancreatic juice to which we have added calcium 
chloride has developed proteolytic activity in a comparatively short 
period of time. Since, as we have proved, calcium salts are not 
essential for the generation of trypsin from trypsinogen by enterokinase 
then either (1) calcium salts alone can convert trypsinogen into trypsin 
or (2) pancreatic juice contains enterokinase, the effect of the added 
calcium chloride = to provide more favourable conditions for its 
action. 

Four fundamental 3 militate against the assumption that 
calcium salts alone can generate trypsin from trypsinogen. These are : 

(a) The rate of activation of pancreatic juice after the addition of 
calcium chloride (6) the form of the activation curve, (e) the presence 
of enterokinase in pancreatic juice and (d) the removal of enterokinase 
from pancreatic juice. 

(a) Rate of activation of pancreatic juice by calciwm chloride. The 
hydrolysis of cane sugar by hydrochloric acid proceeds with a definite 
velocity which is a function of the strength of acid present. Arguing 

from this fact we might assume that the rate of activation of pancreatic 

juice by calcium salts would be a function of the amount of calcium 
added, But the velocities of trypsin formation in different specimens 
of pancreatic juice to each of which a definite quantity of calcium had 
been added were extremely variable. The activation times obtained 
after adding calcium chloride to the extent of one-sixth normal to 
pancreatic juice varied from three hours to seven days. No relation 
was observed between the rates of activation and the amounts of calcium 
salt added. 

(b) The form of the activation curve. When enterokinase acts upon 
trypsinogen the reaction proceeds with a constantly increasing velocity 
so that the rate of trypsin formation is much greater at the end than 
at the beginning of the process. Precisely similar rates of activation 
are obtained when calcium chloride is added to pancreatic juice. To 
10. of pancreatic juice 1 c. CaCl, (N) was added. A well marked 
precipitate was slowly produced (within five minutes). After varying 
intervals of time 1 c.c of this mixture coagulated 3 0.0. of calcified milk 
in the following times: 

Coag. time no cg.  nocoag. 40 mins. Iz mins. min. 
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The following figures were obtained from another specimen of 
pancreatic juice to which a similar amount of calcium chloride had been 
added. 
Interval 1 day 2 days Sdays ‘tion 5 days 

time no no coag. no coag. 11 mins. I min. 
Un this and all experiments lasting more than a few hours a small quantity of toluol 
was added to each tube. Previous the course of activation 
is unaffected by this antiseptic.) 

In both these cases the rates of trypsin: production greatly increased’ 
towards the end of the activation process. In the first case complete 
activation was produced twenty times as rapidly as in the second case 
although the same amount of calcium chloride was present in the two. 
mixtures, 

The similarity of the calcium activation process to that produced: by 
enterokinase and its fundamental difference from a typical ionic chemical 
change (such as the inversion of cane sugar by hydrochloric acid) 
indicates that the calcium does not generate trypsin from trypsinogen 
but that by reason of its presence more favourable conditions are 


| provided for the action of enterokinase already contained i in the oe 


(c) The presence of enterokinase in pancreatic juice. The experi- 
ments of Bayliss and Starlingo indicated that enterokinase is limited 


to the small intestine. Delezenne %, on the other hand, brought 


forward experimental evidence to show that enterokinase could be 
obtained not only from the mucous membrane of the small intestine 
but also from lymphatic glands, and from this distribution he assumed 


that enterokinase was a cytase. 


(i) Hnterokinase in the pancreas. A detailed series of experiments 
showed that enterokinase is contained in small but definite amounts in 
practically every tissue of the body. 

From the comparative experiments made it was found that an 
extract of pancreas contained about as much enterokinase as a splenic 
extract, the rate of development of trypsin in pancreatic juice to which 
small quantities of splenic and pancreatic extracts had been added 
being approximately the same. 

Also, the production of an active trypsin solution from a fresh 


pancreas shows that this organ contains enterokinase. Wet have 


previously shown that a glycerine extract of an ox pancreas contains 
trypsinogen only ; a water extract of the same gland contains trypsin. 
The difference between the two extracts depends upon the fact that 
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glycerine inhibits the action of enterokinase on trypsinogen. Dilution 
of the glycerine extract of ox pancreas with water results in a rapid 
production of proteolytic activity. 

The amount of enterokinase contained in the glandular tissue of the 
pancreas of different animals is very variable. Ox pancreas contains 
much more enterokinase than sheep pancreas, as is evident from the 
observation that a twelve hour water extract of an ox pancreas contains 
trypsin only, whilst a similar extract of a sheep's pancreas contains very 


little trypsin but a large amount of trypsinogen. If, however, the 


water extract of the sheep’s pancreas be left for some time it develops a 
strong proteolytic activity. But these experiments prove only that 
enterokinase is present in pancreatic tissue only, and cannot be adduced 
as evidence that enterokinase is present in pancreatic juice itself. It 
might be that the enterokinase is contained in cells which are not 


concerned in the production of pancreatic juice. The proof that 
enterokinase is contained in panereatio juice is obtained from the action 


of anti-enterokinase serum upon it. 
(i) Anti-enterokinase on pancreatic juice. Bayliss and: Sterling. 
stated that anti-enterokinase was contained in the serum of animals in 


small but variable amounts, and increased the amount of this substance 


in the serum of any animal by subcutaneous inoculation with sterile 
enterokinase solutions. We also have found that the amount of anti- 


enterokinase contained in the sera of different animals is very variable; | 


but, in the case of some animals, the amount contained in the serum 
was sufficiently large to enable a definite series of experiments to be 
made. The following dilutions of and 
serum were made: 


E (1:5) HO Guinea-pig’s serum 
(1) 5 0.0. 1°5 0 o. 
) 5 2 
5 1°0 5 
(5 5 10 5 filtrate from boiled serum 


After 30 minutes incubation at 40° C. 2 C. e. of each of the above was added to ‘5 C. o. 
of pancreatic juice, After further periods 1 clo. of each of these mixtures was added to 

Coag. times after 


PJ. 1 hr. hn. 2 hrs. 

Soc, Bee. 24.6. 

(A ‘ — no in 1 hr. 
. After four hours -1 0. o. of fresh A). Aber 


the lapse of an hour 1 0. o. e of calcified mi in one 
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From the above results it may be seen that 1 cc, of guinea-pig’s 
serum neutralised the enterokinase contained in 5 c.c. of enterokinase 
solution. This anti-enterokinase effect was not due to the salts 
contained in the serum, since the filtrate from the serum heated to 
100° C. showed no anti-kinasic effect (see tube B above). Nor was the 
absence of proteolytic activity due to the anti-trypsin in the added 
serum neutralising the trypsin as it was developed, since addition of 
fresh enterokinase produced an active solution (A). In fact, the 
experiment indicates the considerable quantity of anti-enterokinase 
contained in that guinea-pig’s serum. 

The presence of anti-enterokinase in serum enabled a crucial experi- 
ment to be made on the activation of pancreatic juice by calcium salts. 
Some fresh sheep's serum was found to contain a large quantity of anti- 
enterokinase, and this serum was used in the experiments described. 


Tue following dilutions of pancreatic juice, water and sheep's serum were made. 


P. J. Serum 
lee. 85 0. e. 90 0.6. (I) 
8 06 (2) 
1 65 2 4) 


After incubation at 40° CO. for 80 minutes -15 b. 0. CaCl, N was added to each tube and 
after further varying periods of incubation the proteolytic activities of ‘Lag of the 
mixtures were determined. 


Cong. time for 8 60. milk 

Interval 6 hrs. 24 48 hrs. li days 
(4) — no coag, 


The control tube to which no serum was added was activated by the calcium salts in 
five hours; that to which 2 0. e. of serum had been added half an hour previously to the 
calcium chloride showed no trace of proteolytic activity in eleven days. In order to 
prove that the trypsinogen had not been destroyed in (4), after the lapse of the eleven 
days 1 c.c. of N, was added to the mixture, and it was found after 1 hour’s incubation 
that 1 c.c. of the mixture clotted 3 0. 0. of milk in two minutes. 


From this experiment it is clear that serum prevents the activation 
of pancreatic juice by calcium salts, Control experiments with boiled 
serum proved that the salts of serum do not exert this inhibiting 
influence. Therefore the inhibitory effect of serum on the activation of 
pancreatic juice by calcium salts is due to the anti-enterokinase 
contained in it—the addition of serum to pancreatio juice neutralises 
P contained in the juice, so that the 
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subsequent addition of calcium salts no longer activates the Ene es, 
since the activating agent has been destroyed. 

(d) The removal of enterokinase from pancreatic juice. 8 
tive experiments with trypsinogen and enterokinase showed that these 
substances possess markedly different properties. These properties will 


be considered in detail later; suffice it to state that enterokinase is 


almost completely destroyed by the least trace of free hydrochloric acid, 
whilst trypsinogen is stable in 2% HCl. From this property it 
appeared feasible to remove enterokinase from pancreatic juice; but 
at the outset we found that, whereas enterokinase is readily destroyed 
by free acid, enterokinase in pancreatic juice is protected from this 
influence, owing to its being adsorbed to a considerable degree by the 
trypsinogen. In fact, the experimental results showed in a marked way 
the protective influence exerted by the substrate (trypsinogen) on the 
ferment (enterokinase). 


But, despite this protective influence exerted by the trypsinogen, 


the comparative results obtained showed that enterokinase may be 
removed from pancreatic juice by acidification with hydrochloric acid. 
The following experimental results illustrate this statement 


Hydtochlorie sold and water were sdited to pantrentia juice, thas 


; Reaction of 
A 10.0. Occ. 40.0. alkaline After two hours CaCO, was 
ee 1 1 3˙9 ie added to each tube to 
2 87˙8 noeutral neutralise any free acid. 
D 1 4 8˙6 acidic (Trypsinogen is never con- 
E 1 6 34 ee verted into trypsin in the 
5 1 8 8-2 „ presenes of free acid.) 
G 1 1-0 8-0 8 


After 24 hours 5 6.6, „%% was addled 9-8 a0. of calcified milk, 
The following coagalation times were obtained: 


A @hre. B 12 mins, © ming, 
E 5 mins. F 2 hrs,  @ no coag. 


In order to prove that the VVV 


of the acid enterokinase was now added to all the tubes. After a further period of two 
hours 5 ¢.6, of each solution coagulated 3°5 2.0, of caleified milk in two minutes, 


From. these a number of conclusions may 


be drawn 
(1) Pancreatic juice when diluted active... 
(2) This rate of activation is augmented sel en of the 
with HCI to dilution. 
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(3) Acidification of the juice, previous to dilution and neutral. 
isation with calcium carbonate, diminishes the rate of activation; the 
greater the degree of nn the greater the enen in the 
rate of activation. 

Further, the experiment Proves conclusively that. the ‘activating 
agent is not the calcium ion. The solutions contained in (E), H, (G) 
were acidic in an increasing degree, and, after neutralisation by CaCO, 
each solution contained an amount of calcium chloride corresponding to 
the previous free acid. Yet (G) showed no sign of activation after 
24 hours, although it contained much more calcium chloride than (E), 
which attained a considerable degree of activity in that time. Again; 
) became active at the same rate as (C), and this latter solution 

contained no calcium chloride, since the acid added to it was neutralised 
by the alkali of the pancreatic juice. | 

The explanation of the experimental is'Uloar if it be 
that the original pancreatic juice contained a. small amount of 
enterokinase. In (G) the hydrochlorie acid destroyed all the entero- 
kinase ; consequently on neutralisation by calcium carbonate no tryptic 
activity was developed, even though the solution contained calcium 
chloride; in (F) a trace of enterokinase remained undestroyed, and, on 
neutralisation, trypsin was slowly produced; in (E) no enterokinase was 
removed, and activation proceeded at the same rate as in the juice 

which had been 


3. THE MECHANISM BY WHICH CALCIUM SALTS ACTIVATE 
PANCREATIO JUICE. 


the experimental results described, it is clear. that 
3 salts cannot generate trypsin from try peinogen. but that the 
activating influence which they appear to exert is due to their providing 
a more favourable medium for the action of the enterokinase already 
contained in the juice. 

It has been shown that the action of enterokinase proceeds most 
rapidly i in a neutral medium, is depressed by alkali, and stopped by acid. 
Now pancreatic juice is alkaline to the extent of Na, OO, N/6, On the 
addition of calcium chloride to it, a well marked precipitate of calcium 
carbonate is produced by the interaction of the calcium chloride with 
the sodium carbonate contained in the juice. In this way the alkalinity 
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of the juice is neutralised, and so the most favourable medium is 
provided for the rapid activation of the juice by the small quantity of 
enterokinase contained in it, This hypothesis as to the manner in 
which calcium salts activate pancreatic juioe is supported by (a) a 
corspatison of the activation effects produced by CaCl,, BaCl,, Srl, ; 
(b) activation by HCl; (o) agtivation by alcohol precipitation; and (d) 
a comparison of HCl and CaCl,. A 
(a) A comparison of calcium chloride, bariwm chloride, and 
strontium chloride. These three salts were added to equal quantities of 
pancreatic juice, to the extent of one-sixth normal. After five hours 
‘Lee, of each of the solutions coagulated 3 0. c. of calcified milk in two 
minutes, In fact, in the activation of pancreatic juice, these salts can 
readily replace one another. In this process calcium plays a different 
part from that it subserves in the coagulation of blood, in which process 


of the same group. 

5) Activation by hydrochloric acid. . The activation of pancreatic 
juioe may be effected by acids as readily as by calcium chloride. If 

then, a special activating influence be assigned to calcium salts, a similar 

influence ought to be assigned to acids. 
- ‘Varying quantities of hydrochloric acid were added to pancreatic juice and the degrees 

of activation after two days noted. 


Reaction p.. Hi sx 1.0 time (after two days) 
Alkaline 1 0.0. O 1 oc. 18 mins. 

1 9 12 

” ees 2 8 23 
Neutral 1 8 7 * 
Control 1 18 0. 0. 8 2 mins. 


Activation was attained in the neutral solution as quickly as in the 
solution to which calcium chloride had been added. In fact, calcium 
chloride is not more efficient for activating pancreatic juice than 
hydrochloric acid. Its apparent superiority depends upon the fact that 
the least trace of acid in excess of that required to neutralise the 
alkalinity of the juice, stops the action of enterokinase on trypsinogen, 
whilst the presence of an excess of calcium chloride exerts’ no such 
marked inhibitory influence. Consequently, to show the activating 
action of hydrochloric acid, very cautious neutralisation of the juice 
must be made. But if acid be added to pancreatic juice in the slightest 
excess of that required to neutralise its alkalinity, and then a little solid 
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calcium: carbonate be added to neutralise the trace of acid, activation 
occurs at a maximum rate. 


(e) Activation by alcohol precipitation. ‘The alkali of pancreatic 


; juice may be removed by cold alcohol precipitation. 5 c of pan- 


creatic juice were precipitated by 10 C of alcohol (- 10 C); the 
precipitate was filtered off and redissolved in water forming a clear 
solution; this solution was neutral, and attained complete activation 
in 24 hours, | 

(d) 4 comparison of Hol and CaCl, In order to make an 
3 comparison of the actions of calcium chloride and hydrochloric 


acid on the activation of pancreatic juice, a number of experiments 

were made, in which varying quantities of calcium. chloride and 
hydrochloric acid were added to — juice containing a known 
1 of enterokinase. 


The following comparative results were ‘obtained from a detailed 


| series of experiments : 


CaCl, Ho after 2 brs. 

N/22 18 mins. -N/100 73 mins. 
53 N/50 43 
3N/22— S 24 
17 
8N/11 20 N/20 12 
N/16 5 

3N/20 no coag. 


From these 3 the optimal concentration of calcium chloride 
for activation may be seen to lie at about N/11; that of hydrochloric 
acid between N/16 and 3N/20, an eee equal figure. 

Now the optimal concentration of hydrochloric acid is that quantity 
required to neutralise the juice, an excess of acid stopping the action of 
the kinase on the trypsinogen. Therefore it may be assumed that this 
pancreatic juice required the addition of hydrochloric acid to the extent 
of one-eleventh normal to neutralise it. ae 
The approximate equivalence of the two e indicates that 
the optimal concentration of calcium chloride for the activation of 
pancreatic juice by enterokinase is that quantity which neutralises the 
alkalinity of the juice. It is of interest to note that the addition of 
calcium chloride to pancreatic juice in quantities greater than that 
required to neutralise the alkalinity of the juice, inhibits the activation 
process—in fact, free calcium ions instead of being able to generate 


trypsin from trypsinogen actually igi the — 
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Tias action of potassium owalate.on the activation of pancreatic 
juice. Finally there remains the question of the influence of potassium 


oxalate on the activation of pancreatic juice by calcium salts. Neutral 


potassium oxalate (K 0) produces a precipitate in pancreatic juice only 
when added to the extent of about 20%, and the precipitate 80 produced 

is protein and not calcium oxalate, since it is soluble in water. If this 
protein precipitate be filtered off, addition of calcium chloride to the 


filtrate does not produce proteolytic activity, since the massive precipi- 


tate of calcium oxalate carries down all the trypsinogen with it. (The 
amylopsin is removed from the solution at the same time.) a, 
however, acid potassium oxalate (KHO) be added to the juice, a 

precipitate of protein is produced by small concentrations of the salt. 
The addition of calcium chloride to the filtrate, in quantities more than 
sufficient to precipitate the excess of oxalate, does not produce 
activation, since the interaction of the calcium chloride with the acid 
potassium oxalate results in the liberation of free oxalic acid, and the 
inhibitory influence of this acid is so great that only after the addition 
of a large quantity of enterokinase can any development of proteolytic 
activity be detected. The inhibitory influence of oxalic acid is too 
potent to allow the minute quantity of enterokinase contained in the 
original juice to develop any proteolytic activity within a few days. 


AND. -ConoLusions. 


The capacity of salts to generate trypsin from 
has been discussed in detail. It is clear that calcium salts are not 


essential for the action of enterokinase on trypsinogen, since this action 
can take place in calcium-free solutions, and in solutions containing 
considerable quantities of potassium oxalate. Potassium oxalate 
inhibits to some extent the action of enterokinase on trypsinogen, but 
in no greater degree than that exerted by equivalent 1 e of 


sodiam chloride. 


The comparatively rapid 8 of proteolytio activity in 
pancreatic juice on the addition of calcium chloride has been 
analysed. From the experimental evidence it appears that all 
specimens of pancreatic juice contain variable quantities of enterokinase, 
the variability in the quantity of enterokinase in different specimens of 
juice being responsible for the great variations in the rates of activation. 
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observed after the addition of a definite quantity of calcium chloride to 
each of them. That pancreatic juice does contain enterokinase may be 
inferred from (a) the form of the activation curve obtained after the 
addition of calcium chloride ; (6) the inability of calcium salts to 
generate trypsin in pancreatic juice to which serum containing anti- 
enterokinase has been added ; (c) the comparative experiments showing 
the destruction. of eee in pancreatic juice by hydrochloric acid; 
and (d) the presence of enterokinase in the pancreas, . 

‘Further, salts of barium and strontium can activate pancreatic juice 
as effectively as salts of calcium. Also, removal of the alkali of 
pancreatic juice, either by careful neutralisation with hydrochloric acid, 
or by precipitation of the juice with cold alcohol and resolution of the 
precipitate in water, produces rapid activation. In fact, whatever agent 
neutralises the alkalinity of pancreatic juice and does not destroy the 
trypsinogen, that agent produces rapid activation. 
The hypothesis which we put forward to account for the generation 
of trypsin from trypsinogen in pancreatic juice after the addition of 
calcium chloride to it, is as follows: Pancreatic juice always contains 
enterokinase. This enterokinase may be so small in amount, that, in 
the presence of the inhibitory alkali of the pancreatic juice, months may 
elapse before any proteolytic activity develops in it. On the other 
hand, the amount of enterokinase may be comparatively large, and the 
juice become spontaneously active, within a few days. On the addition 
of calcium chloride to the juice, calcium carbonate is precipitated by 
the interaction of the calcium chloride with the sodium carbonate 
contained in the juice; the inhibitory alkali is thus removed, and the 

enterokinase contained in the juice is provided with the most suitable 
conditions for generating trypsin from trypsinogen. The addition of 
calcium ‘salts to pancreatic juice only accelerates 195 rate of trypsin 
production ; it does not initiate it. 


We desire to record our thanks to Dr H. H. Dale and Dr P. P. 
Laidlaw for many specimens of pancreatic juice used in this research. 


g (The expenses of this research have been partially defrayed by u grant from the 
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STUDIES ON BERI-BERI. VII. CHEMISTRY OF THE 


VITAMINE-FRACTION FROM YEAST AND RICE- 
POLISHINGS. By CASIMIR FUNK, Bett Memorial 
Research Fellow. 


(From the Biochemical Department, Lister Institute.) 


In my preliminary communication on this subjecta) I have 8 
the separation of the crude curative, crystalline fraction from yeast 


into three substances. These have now been carefully purified and 
investigated. This new line of investigation was then extended to 
rice-polishings and similar results were obtained. In the earlier paper 
it was suggested, that the curative power of the crude fraction might 
be the resultant of the individual actions of these substances. As this 
investigation shows this is really the case, at least two substances being 


necessary to effect a cure. It seems however that the action of the 


isolated substances is slightly diminished as compared with the original 
extract or the original crude fraction. The early work of Gryns@ 


showed that the substances in question are unstable, extracts heated 


at 130° completely losing their curative power. During this investigation 


it was observed, that the vitamines actually decompose during the 


fractionation and this apparently accounts for the diminished curative 


power of the products isolated. At present we are unable to avoid this 


decomposition, our methods being too rough for this purpose. A good 


deal of work is still required to solve the difficult chemical problem of 


beri-beri. 

It is evident that tbis can only be done by systematic work, and the 
present contribution throws some additional light on the question. The 
vitamine-fraction from yeast, as was stated above), can be obtained in 
the crystalline state and can be used for. therapeutical purposes with 
very good effect. The chemical investigation of this fraction is nearly 
completed. It consists of three different substances, two of which seem 
to play a very important part in the process of curing. Each of these 
substances has been investigated chemically and pharmacologically'’. 

1 Prof. Cushny, to whom I wish to express my best thanks, kindly performed some 


pressure, respiration and heart. 
PH. XLVI. 12 
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The chemical investigation was only rendered possible by using the | 


excellent method of micro-combustion of Pregl. 

The fractionation of rice-polishings has so far yielded only two 
substances which are now being investigated. All these substances 
belong to the same group of compounds and show very similar chemical 
properties. One of them has been obtained both from yeast and from 
rice-polishings. This appears to be nicotinic acid, which was isolated 
for the first time from rice-polishings by Suzuki, Shimamura and 
Odakew. The occurrence of nicotinic acid in both curative fractions, 
along with the results of actual experiments performed, suggests that 
this acid plays a certain part in the. process of curing. 

Derivatives of nicotinic acid are frequently found in plants, forming 
alkaloids like trigonelline, arecaine, etc. The new base recently 
isolated by me from lime-juice@ appears to be also a derivative of 
nicotinic acid, but this point requires further investigation. 

The action of the substances described im this communication is 
summarised in a table at the end of this paper. 


| Investigation of yeast extract. 
The extract was prepared from 100 kg. of dried yeast, following the 
method already described in one of my early papers and only the silver 


and baryta fraction (vitamine-fraction) carefully investigated. Other 
fractions obtained during this investigation will be described at a later 


date. 


The whole of the vitamine-fraction amounted to 2 grm. The product ) 


was crystalline and melted at 210° (uncorr.). The pharmacological action 
of this product has been described in my previous paper@. This product 
gives a very strong blue reaction with the uric wu and phenol reagent 
of Folin and Macallum, junr.@! 

The initial product was recrystallised from dilute alcohol and yielded 
16 grm. which crystallised in needles, which melted at 225° (corr.) This 
product still showed both the reactions mentioned above and was 
recrystallised three times. The second crystallisation melted at 229° 
(corr.) and no longer gave the reaction. Further recrystallisation did 
not raise the melting point.. A sample of the substance previously 
isolated from yeast was compared with this product, and was found to 
melt at a distinctly higher temperature (233° corr.) When mixed 
together in equal proportions they melted at 229°. Both substances 


1 Every crude curative fraction so far obtained gives these reactions. This point is 
: being investigated in collaboration with A. B. Macallum, junr. 
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were identical in crystalline shape, solubility and reactions. The sub- 
stance is a strong acid and does not show any of the known colour 


reactions. It is very insoluble both in cold and warm water. Because 


of this insolubility it could not be decided whether the substance is 
optically active or not. A 0°74°/, solution did not show any appreciable 
rotation, other solvents could not be used, as the substance is entirely 
insoluble in all of them. 


The substance gave the following figures on analysis (method of Preg)). Dried in 
vacuum at 100°. 


3°267 mg. gave 6-63 mg. CO, and 1°05 mg. HO; 55-85°/,C and 3-60 % H 
4124 55 8°425 ” * 1°36 „ 5 55°72 55 ” 3°69 ” 
4256 ” 8°66 ” 99 1°36 ” ; 55°60 55 55 8°58 
3048 „ 97878 om.“ N at 15-5° and 710 mm.; 13°53 % N 
„„ 


These figures correspond to the 3 C,,H,,0,N, (52124) which 
requires: 55:25 % C, 3°68°/, H and 13˙44 / N. 

When dried at 100° a small sublimate appears in the drying tube. 
Analyses were therefore also made with the substance dried only in 
a vacuum desiccator over sulphuric acid and the following a 
obtained : 


3°733 mg. gave 7°775 mg. CO, and 1°185 mg. H,O; 56-80 % © and 8°55 0% K 
3-538 ” 7°35 ” 1˙195 56°66 55 ” 
3174 „ 0372 em.“ N at 17° and 702 mm.; 12.74% N 


These figures correspond to the formula: C, H, O, N, (54726) which 


requires: 5701 / C, / H and 12°81 /ͤ N 


The substance loses apparently on deving a certain amount of 
product rich in carbon. This may account for the difference in melting 


point, mentioned above, as one of these substances was (the recently 


obtained one) dried at 100°. 

0°1328 grm. of the substance requires (Kjeldahl) 40 Cc. N/10 H, S0. 
Found 421 / N. According to this only one-third of the nitrogen can 
be estimated by the Kjeldahl method. 

00373 grm. to become neutral to phenolphthalein requires 2.8 «.c. of 


N/10 KOH. Calculated from the formula C, H,O, N, for a tetrabasio 


acid 2˙8 e. c. 

The filtrate from the first substance gives a very strong reaction 
with the uric and phenol reagents. By fractional crystallisation 
04 grm. of a substance was obtained, which melted at 210°. The 

substance was recrystallised twice from dilute alcohol, the melting 
point rising to 222-3° (uncorr.). It forms microscopical needles, and is 
12—2 
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slightly more soluble in water than the first substance. When purified, — 
the substance does not give the uric acid reaction, but still gives the 
phenol reaction, although the Millon reaction is negative. For analysis 
one sample of the substance was dried in a vacuum desiccator over 
sulphuric acid, another at 115° in vacuo. | 


Dried over sulphuric acid: 
3°559 mg. gave 7°745 mg. OO, and 1:21 mg. H,O; 50-85 % 0 and 8-80 % K 
3•445 „ 0°375 em.“ N at 17° and 706 mm.; % 

Dried in vacuo at 115°: mor 
8°694 mg. gave 7°99 mg. OO, and 1°22 mg, Hi; 58°99 % C and 3°70 % H 

Dried in vacuo at 100°: : 
4°172 mg. gave 9°065 mg. CO, and 1:535 mg. H,O; 69°26 % 0 aid 412% N 


. 0°295 om.“ N at 15° and 711 mm.; 12°04 % N 
Cale, for (462-22). Calo. for N (586-28). 
59•71 % C 59°46 % C 
8°84 % H 3°96 % H 
12-12 % N 11°97 % N 


Ihe filtrate from the second substance still showed the uric acid re- 
action, and when further concentrated yielded 0°45 grm. of colourless silk 
needles in contrast to the previous substances which appeared slightly 
grey. After recrystallisation the melting point rose to 235° (uncorr.), 
at which point it remained stationary. It is fairly soluble in cold water, 
and after recrystallisation loses the power to give the uric acid and phenol 
reactions. At the end of fractionation even the last residue ceased to 
give these reactions, and we must assume, therefore, that the substance 
giving the reaction has been destroyed during the manipulation. It is 
quite conceivable that this substance plays an important röle; it is 
present in the original crystallisation and gradually disappears during 
the purification. 
_ The substance (M. p. 285°) gave the following 1 on 1 
after being dried at 100° in vacuo: 

8°432 mg. gave 7°345 mg. CO, and 1-11 mg. H,O; 8 and 8°62 % H 


8415 „ 0348 em. M at 18°5° and 702 mm.; 10.87 % N 
2562 „ 0262 „ „ 155° „ 718 mm.; 10°92 „ 


Cala. for N (128 06): 58·8 % C, 4:08 % H, and 11˙34 % N 


A sample of this substance was converted into the picrate (the other 
two substances do not form picrates) by precipitation with a water 
solution of picric acid. The precipitate melted when dried at 217° 
(uncorr.) and was recrystallised from water, forming light yellow coloured 
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prisms, which melt at 219° (uncorr.). The picrate gave the following 

figures on analysis: | | 
4°70 mg. gave 7-115 mg. CO, and 0°98 mg. H,O; 41-29 % O and 2°38 % H 

2-966 „ 0436 om.“ N at 19°5° and 708 mm.; 15-99%, N | 

4212 „ 0°61 55 „ 18° „ 711 „ 3 15°89 % N 


0˙1061 grm. gave 0˙1652 grm. nitronpicrate; 6691 % picric acid 
0°1261 7 0˙1951 „ ” ; 65°49 957 ” 


Cale. for N, (852-12): 
409 % C, 2.29 % H, 15°91 % N, and 65°05 „% picric acid 
This substance appears to be identical by its composition, properties 
and solubility with nicotinic acid, only a slight difference was observed 
in the melting point which was a few degrees higher. It is not unlikely 
that nicotinic acid is a decomposition product of the vitamine. 


Investigation of rice-polishings. 

The preparation of the extract was carried out conformably with the 
previously described method , the extract from 380 kg. of rice-polishings 
being used as starting material. Just as in the case of yeast only the 
vitamine-fraction was carefully investigated. Although the investiga- 
tion is not yet completed, two substances have been isolated, one f 
which has proved to be identical with the nicotinic acid from yeast. 
The initial vitamine-fraction obtained from 380kg. of polishings 
amounted to 2˙5 grm. This fraction was recrystallised from dilute 
alcohol, and a substance was obtained in the form of needles, which 
melted at 233°, the temperature previously found for a substance of 
similar origin. The yield was 1‘8grm. A second recrystallisation did 
not raise the melting point. The substance gives no Millon, and no 

uric acid and phenol reaction and is sparingly soluble in water. 


The following figures were obtained on analysis: 
4796 mg. gave 10°34 mg. CO, and 1°685 mg. HzO; 58°80 % O, 3-93 % H 


412 „ 9-095 „ „ 1465 „ ; 58˙89 % C, 3˙89 % H 
4367 „ 0420 em. N (18°, 718 mm.); 10°58 % N 
2692 0°268 „ (18°, 706 „); 10˙64 % N 


These figures correspond with the formula CH. O, N, (532˙24, 
which requires: 58˙62 / C, 3˙79 % H and 10˙53% N. When treated 
with nitrous acid in van Slyke's apparatus only a small part of the 
nitrogen is liberated. The nitrogen in this substance could not be 
estimated by Kjeldahl’s method. | 

The mother liquid of this substance yields when slowly evaporated 
colourless needles identical with those obtained from yeast. The crystals 
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178 C. FUNK. 
melted at 234° (uncorr.) and were very soluble in water. When mixed 


with the a acid from yeast no depression of melting point was 
observed. 


On analysis the following figures were obtained : 


4217 mg. gave 9°025 mg. CO, and 58°37 % C, % H 
155 „ % C, 4°06 % H 
9.11 „ 0816 em. N 0714 mm., 19-5°); 1111 % N 
3608 „ 0362 „ (712 mm., 19˙5%0; 10˙97 N 


The substance was dried at 100° in vacuo. Calculated for nicotinic 
acid C, H,O, N (123.05): 583°/,C, 408 H and 11°34°%/,N. For 
further identification the substance was converted into the pierate. 
The same light yellow coloured prisms were obtained as before, which 
melted at 218°. When mixed with the picrate eg yeast no — 
of melting point took place : 


4471 mg. gave 6-74 mg. CO, and 0-895 mg. H, O; % 0 9565. K 
2-404 „ 0349 em. N (707 mm., 19°); 15-79 % N 


_ These figures correspond to the picrate of nicotinic acid calc. for 
C,,H,O,N, (352:12): 40°9°/,C, 2-29 % H, 15.91% N. It seems at 
present unlikely that the nicotinic acid derives from trigonelline, which 


has never yet been detected in rice-polishings. From the mother 


liquid of nicotinic acid another substance was isolated in minute 


quantities which gives the Millon reaction before purification. The 


fractionation of rice-polishings is being continued on these lines, special 
attention being paid to the point whether W substances occur 
combined or free. 


Each fraction obtained und also the pure substances isolated during 
this investigation were tested on animals. The results obtained with 


yeast are fairly clear. The original crystalline fraction cures very well, 
as has been already stated in my preliminary communication. This 


fraction could be separated into three substances, two of which, namely 


the substance C, H,O, N, together with nicotinic acid; give, when ad- 
ministered together, very satisfactory results. The substance CH, O, N, 
does not seem to have any effect. The results would rather seem to 
indicate that it inhibits somewhat the action of the two others. The 
experiments have been performed on pigeons, the animals being 2 


on polished rice throughout we experiment. 
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Substance administered 


Crude product yeast 


” 
Subs. I yeast 


5 mg. I yeast and 2 mg. 
nicotinic 


Nicotinic 


Mixture of I, II ac. 


Nicotinic acid 


Mixture of I and nicot. 
acid yeast 


Nicotinic acid 
Mixture of Iand nicot. acid 
” ” 
Subs, II yeast 


eee eee 
The mixture of three. 
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Concusions. 


Effect 
Cure in 8 hrs. 
Cure in 2 hrs. 
Cure in 8 hrs. 
Cure in 3 hrs. 
Partial recovery in 7 h. 
Fairly good improvmt. 


Improvmt. for few hrs. 


Cured in 2} hrs. 


Improvement 54 hrs. 


No improvement 


Temporary improvmt. 
Cure in 3 hrs. 


Cure in 2 hrs. 
No improvement 


Temporary 


Cure in 24 hrs. 
Cure in 4 hrs. 
No effect 
No effect 


Temporary i 


Temporary improvmt. 


— 
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1. The vitamine-fraction from yeast has been 8 nto three 
substances: a substance of the formula C, H, O, N,, a substance of the 
formula CHO, N, and what appears to be nicotinic acid (m-pyridine- 
carboxylic acid). The first substance mixed with nicotinic acid seems 


to be necessary for curing pigeons. 


2. The vitamine-fraction from rice-polishings has up to the present 
been separated in two substances: one of the formula CH, O, N. and 
nicotinic acid. The results concerning their curative power will be 
published after the chemical 9 of all the fractions bas been 
completed. 


p. 868. 1912. 
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THE AFTER-IMAGES OF BLACK AND WHITE ON 
- COLOURED SURFACES. Br F. w. EDRIDGE- GREEN, 
MD. FRCS. 


(From the Institute of Physiology, University College, London.) 


In three earlier papers I have described a number of new visual 
phenomena which show that the photo-chemical stimulus is situated 
externally to the cones and is capable of changing its place in the 
retina. 

It occurred to me that if there were a continual flow of photo- 


chemical liquid from the periphery to the centre of the retina it should 


be quite possible to demonstrate this by means of the after-image of 
white and black on coloured surfaces. Experiment at once shows that 
this is the case. If a piece of white paper about three inches square 


be placed upon a piece of coloured paper, a small black dot having been 
made in the centre of the white paper, and this be viewed from a 
distance of three feet for three seconds and then the gaze be transferred 
to a large sheet of white paper of exactly the same nature as that 


occupying the centre of the coloured paper, an after-image of the white 
paper will be seen of the same colour as the coloured paper but darker 
than the white paper. The first point to note is the uniformity of 


the coloured after-image. If for instance red be the colour of the 
background the after-image of the white square is one uniform red 


except in the conditions to be shortly described. The colour is not 


more marked at the edges. 


I repeated this experiment with Prof. A. W. Porter with spectra! 
colours with exactly the same result. A spectrum was projected upon 
a screen in a dark room and a definite region isolated. An opaque — 


object was placed so that a shadow was formed occupying about half 
the isolated region and about one-third of its breadth. When the eye 


was kept rigidly fixed upon one point of the black region (preferably 
the centre) the black surface became definitely coloured of the same 


This Journal, p. 263, p. 428, v. p. 70. 
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colour as the surrounding region; this was particularly noticeable 
with red light, which will be taken as the typical case; the black surface 
appeared almost as red as the surrounding spectrum. When the eye 
was moved to an adjacent white portion of the screen a red after-image 
of the central patch was seen. The central portion from which coloured 
light was excluded by the opaque object was then illuminated by white 
light with another lantern and the same result was obtained as with the 
white and coloured papers. A curious effect was seen when the whole 
spectrum was projected upon a screen and an opaque object placed so 
that a black bar ran transversely across the middle of the whole 
‘spectrum, The after-image of this appeared to me a dichromic spectrum 
consisting of very unsaturated red and violet; the most saturated 
- portions being at the extremes of the spectrum and the junction in 
the blue-green region, this being white. Prof. A. W. Porter usually 
saw a spectrum consisting of three colours, red, green and violet, in their 
correct positions and occasionally yellow, but neither I nor another 
observer could see any green but only a dichromic spectrum, the red 
and violet being in their correct positions. The following experiment 
seems to me to explain why the after-image of a white patch on 
a coloured surface is coloured. If two pieces of white cardboard about 
two inches by one and separated by an interval of one inch be placed 
upon a dark surface and then, after the eye has been carefully rested, the 
two white objects are viewed for the shortest possible time from a 
distance of a foot, one eye only being used and all movement being 
avoided, the eye being simply opened and closed whilst the other is 
covered with the hand, the second eye also is then covered with ‘the 
hand and black velvet so that no trace of light can enter the eye. Two 
sharp white rectangles with a dark interval and dark surroundings 
are first seen; these rapidly become blurred and fine white lines join 
the two positive after-images. The two after-images slowly approach 
each other and the whole black interval between them becomes covered 
with a whitish and uniform haze. The interval between the two after- 
images becomes gradually smaller until both blend into one and, having 
become very irregular, disappear from without inwards without becoming 
negative; the last thing to be seen is a whirling movement in the centre 
of the field of vision. The whole process occupied in an experiment 
which I timed about 12 seconds. It should be noted — that the 
movement is comparatively slow. 

Appearances corresponding to the above-mentioned dine may be 
found in the after-images, that is to say, the surface may be seen 
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_ mottled or the inner third much FFC 


It is important in these experiments to move the eye as little as 


possible. In order therefore to avoid moving the eye transversely it 


can be approached to the white surface. In this way the visual angle 


is made greater and a coloured square corresponding to the previous 
angle occupied by the white surface is seen in si centre of the white 


surface. 
There are two other 3 of the colour of the after · image of 
white on a coloured surface which must be considered. First, that it is 


due to stray light (R. W. Darwin’), or that it is the complementary of 
the colour induced on the white region (Hering), Neither Prof. 
Porter nor I think that the facts can be explained by stray light. 


Darwin used very small pieces of white paper, but. exactly the same 


results are found when the central white region is large. The following 
experiments show that scattered light cannot explain the facts. If 


a piece of white cardboard three inches square be placed on a piece of 
blue paper six inches square and the whole be placed on a large sheet 
of red paper twenty-four inches square and the eye be fixed on a point 


in the centre of the white paper at a distance of about two feet, on 


moving the eye towards the white only a blue centre is seen. When two 
colours are used the correct colours are seen on their respective sides. 
If a white triangle be surrounded by red except on one side and that 


a by blue, on moving the eye closer to the white a red triangle with 


a blue edge corresponding to the side next blue will be seen. 
There are conditions in which details of light and shade can be seen 


better in the after-image than in the object, as for instance in the 


after-image of a flame, and this is explained by the flow of the 
photo-chemical material, but in ordinary circumstances variations - 


‘shade are much less obvious in the after-image. 


In many cases an object which contains white and black and many 


colours may give a uniform after-im 


It is almost impossible to see the details of a picture in the 8 = 
image, When the picture is surrounded by a gold frame a pale yellow 
after-image is to be seen without any details or variation in colour 


according to the colours used in the picture; for instance, viewing 


a picture of coloured shells eighteen inches long by nine inches high 
in a gold frame four inches broad from a distance of twelve feet with 


one 9 and then moving the eye horizontally and looking at a ane ni 


1 Phil. Trans. Roy, Soe. 1786, p. 818. 
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table-cloth, a pale yellow rectangle was to be seen, but the shape was 


different, the height now being greater than the breadth. When the 
eye was moved vertically instead of transversely the after-image was 


the same shape as the object. The picture was situated on green 
wall-paper but not a trace of green was to be seen in the after-image. 
On trying other oil-paintings in gold frames the same yellow after- 
image was obtained irrespective of the colours used in the picture. 
The red colour seen as the after-image of white on red cannot be due 


1 tothe complementary of an induced blue-green because the red after-image 
is obtained best when the piece of white cardboard is plainly seen to be 


red. When the eye is moved and the white square becomes bluish f 
green, then the red after-image is not nearly so easily obtained. The 
great uniformity of the red colour, even when the white is four to six 


inches square, is strongly against the view of an induced blue-green. 


The edges when the eye is kept quite still are not in ordinary 
circumstances more definitely coloured than the centre. It is only with 
difficulty that the mottled appearance or whitish centre can be obtained, 
and this is only seen when the after-image is obtained within the first 
one or two seconds and the eye is only approached to the paper. 


The following experiment proves conclusively that the red colour 


cannot be the complementary of an induced blue-green. A piece of 


white cardboard two inches by two and three quarters is placed on 


a deep red ground, the red being the brightest and purest red 
obtainable. It is looked at through a brown cardboard tube two feet six 
inches long and of a diameter of two inches from a distance of three 
feet six inches; on approaching six inches nearer a red square is seen 
as before surrounded by white without a trace of blue-green. 

The coloured after-image of white on a coloured ground is much more 


easy to produce when the white is viewed centrally than peripherally ; 


for instance, as the white is moved peripherally the after-image becomes 
a paler and paler red until finally it is entirely obscured by the blue- 


green after-image of the red. 


None of these results is due to exceptional personal peculiarities, as 


In every case the experiments have been repeated with other persons to 
whom no clue was with same results. 
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THE ABERRANT RADIAL ARTERY AND VALSALVA’S | 
EXPERIMENT. BT JAMES M. McQUEEN, M. A., 
‘BSc. M. B., D.P.H. (Oxon.), WM. F. CROLL, MA., MD. 


(From the Pathological Laboratory, University of Aberdeen.) 


_ A SPHYGMOGRAPHIC tracing during Valsalva's experiment rises more or 
less abruptly from the base line, maintains that rise for a period and 
then gradually falls to rise a second time. The causation of the first 
rise has been a matter of dispute for many years. In 18900 Roy and 
Adami attributed the rise of the curve from the base line to a rise of 
arterial pressure. In 1897 Hill, Barnard and Sequeira found that 

A rise of intra-thoracic pressure raises venous pressure and lowers 

arterial tension. The combined effect of these variations leads to the 
elevation of the line of the sphygmographic curve.” In 1906 Le wiso 
found “Venous congestion plays no part in the initial rise of a sphygmo- 
graphic curve in Valsalva's experiment, if weight extension is used for 
fixing the instrument. The rise is due to an increased blood-pressure.” 

In 1880 Rollet@ had written in Hermanns Handbuch The pulse 
phenomena cannot be used as evidence for one or other theory so long 
as the conflicting factors which apparently affect the sphygmogram 
during Valsalva's experiment are ‘unelucidated.” 

We have been able in a study of Valsalva’s experiment on the 
aberrant radial artery to eliminate one factor—the vene comites. Our 
_ subject is a man aged 53 with cardiac valves intact ; whose right radial 

artery some three inches above the styloid process of the radius curved 
over the supinator longus on to the dorsal surface of the bone and ran 
to the apex of the first metacarpal space where it disappeared between 
the interossei muscles. One vein accompanied the artery in the 
forearm but diverged from it immediately the artery turned over on to 
the dorsal surface of the wrist, and at the level from which sphygmo- 
graphic tracings were taken the vein was quite half an inch distant 
from the artery. We found that this vein could be easily brought into 
view by fitting the cuff of a Riva-Rocci blood-pressure apparatus to the 


* 
* 
| 
: 
4 4 
* 7 
= 
4 
“a 
3 
* 
* 
ys 
* 
4 
* 
* 
1 


ae 


VALSALVA’S EXPERIMENT. | 185 


arm and finding the systolic blood-pressure in the brachial artery, then 
lowering the pressure 20 mms, of Hg or so so that the pulse returned 
but the venous flow was obstructed. In this way we are able to state 
that the tracings made on the aberrant radial artery are tracings from 
the artery only and not a combined tracing from artery and veins. 


“Wig. I. 
In Fig. 1 is shown a typical tracing from the aberrant radial artery : c 


during Valsalva’s experiment. This tracing was taken by weight 


extension fixing the dudgeon, as advocated by Lewis. The first rise 
of the curve from the base line, the fall and subsequent rise are clearly 
seen. It will be noted that dicrotism appears on the first rise. Now 
the tracing was taken from the artery alone; accordingly the first rise 
is due to a rise in arterial pressure and consequently to an increase in 
the volume of the artery. Dierotism appears while the curve is still 
above the base line ; consequently dicrotism appears while the artery is 
under increased pressure. The second rise in the curve is also due to 
increased arterial pressure. 


Fig. 2. 
In Fig. 2 is shown a tracing of Valsalva’s experiment on the 


- aberrant radial artery taken by the usual band fixation method round 


the wrist. The same first rise in the curve is shown. 


In Fig. 3 is shown a tracing of Valsalva's experiment on aberrant 


artery where the forced expiration was cut short at the point marked 
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“off” at the request of the pen Consequently the first rise 
is of much shorter duration. 

Another series of tracings were ide to show the effect of ocolusion 
of the aberrant radial — during the first rise in Valsalva's experi- 


ment. 


Fie. 


ae | Fig. 4 is shown a tracing of aberrant radial artery faken with 


weight extension fixing the dudgeon in place. The lower part (b) is 


a continuation of the upper (a). At B a strong expiratory effort was 
made with nose and mouth closed. The base line of curve immediately 
rose but at P the aberrant radial artery was occluded, the lever fell 
below the level of the original tracing with collapse of artery till at O 


the radial artery was released and the first rise of the Valsalva : 


experiment was resumed. Dicrotism is again noticed to occur during 
the rise in the curve. The fall and the secondary rise are again shown. 
The fall of the tracing on occluding the radial artery proves beyond 
doubt that the rise is due to increased arterial pressure and increased 


volume of the artery. 


Fig. 5. 


In Fig. 5 is shown another tracing of occlusion of the aberrant 
radial artery during Valsalva. 9 of the brachial artery gives 
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VALSALVA’S EXPERIMENT. 


CONCLUSIONS. 


1. By utilising an aberrant radial artery with no ven comites 
adjacent to it, it can be proved that the first rise in the sphygmographic 
curve in Valsalva’s experiment is due to increased blood-pressure with 
e of the calibre of the artery. 

2. The second rise is also due to increased arterial blood-pressure. 

3. Dicrotism occurs with increased blood-pressure. 

4. Occlusion of the aberrant radial artery abolished the rise of 
curve; on release the rise is resumed. Were there vene comites 


causing the rise in sphygmographic curve, on occlusion of brachial 


or of — artery the rise would not be abolished. 
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ON FUNCTIONAL ANALYSIS BY THE ACTION OF 
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In the majority of 3 in oe the environment of the heart 


has been accurately controlled, attention has been paid only to the 


mechanical expression of the heart's activity. Until recent years the 
study of the electrical phenomena of the heart could be carried out only 


by the use of the capillary electrometer. Those who acquired the skill 


necessary to make good experiments with this instrument did not often 
turn their attention particularly to the exact control of chemical environ- 
ment, And indeed it is only quite recently that so important a factor 
as hydrogen ion concentration has received recognition by physiologists. 

Since the introduction of Einthoven's string galvanometer great 
numbers of researches have been published dealing with the interpre- 
tation of the electrocardiogram. The majority of these have been 
concerned with the mammalian heart in situ, while in those concerned 
with the excised heart, with a few exceptions which will receive attention 


later, the control of chemical environment has been inadequate. Prob- 


ably one reason why so many observers have been content to record 
only the mechanical changes in the excised heart is that so much stress 
has been laid in the past on the parallelism between electrical and 
mechanical changes in living tissues. 
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“Now although such parallelism can be clearly traced in many 
instances it is not inevitable. And it is precisely through certain 
alterations in the chemical environment of the heart muscle that 


_ divergence between the mechanical and electrical responses may be 


brought into prominence. From the standpoint of an investigator of 
tissue mechanisms the electrical response is certainly not less important 
than the mechanical response. And as a guide towards functional 
analysis their occasional divergence is even more significant . their 
usual parallelism. 

In the following pages I shall describe an experimental enquiry as 
to what features of the electrogram of the isolated heart yield definite 
information about the condition of the heart muscle, and I shall then 
give some examples of the way in which the relations between different 
characteristics of cardiac activity may be explored through alteration in 
the concentrations of electrolytes in solutions bathing the muscle. 

METHODS, 

Animals. Medium-sized or large male specimens of Rana temporaria 
were used, all of them being vigorous and apparently healthy. The 
experiments, on which the chief conclusions of this paper are founded, 
were made in the winter months from November to March. A large 
number of experiments carried out in the spring and early summer 
months showed in a general way the same results, but since their 
technique was much less perfect and in particular the records were 


taken at lower speed, they do not add 8 deductions as to any 
seasonal variations. 


Every. observer who has attempted quantitative ‘scale on any tissue has been aware of 


great individual variations. Until we have some system of standardising the history of 


our material, so that the age, the diet, the surrounding temperature and other conditions 
of life of the animal before the experiment are subject to control, such differences will 
remain large. Probably they will never be wholly eliminated. An individual heart, 
examined by quantitative methods, generally shows clean and definite.relations between 
its behaviour and the variations in concentration of some substance in its environment. 
It is certainly a mistake to blur the lines of such relations by merging them in an average. 
The cause of individual variations must be sought. This can be done only by the elaborate 
study of individuals. As many factors as possible must be studied in each individual 
taken. The individual factor cannot be ruled out by taking averages without our losing 
essential information. We should rather aim at keeping the individual — 
| ut a whole series of ex ts by making them all on a single specimen 
it in certain that the mechanism of the hearts of other frogs would be found to difler trom 
it only in a quantitative sense. 1 
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Perfusion. The chief danger in the use of perfusion methods for the 
pata of the chemical environment lies in possible variations in the 
perfusion pressure. The sinus and auricles are very sensitive. In 
perfusion with an ordinary cannula there is especial risk of causing 
a sudden brief rise of pressure at the instant when the perfusion fluid 
is changed. All sorts of effects may be produced in this way; inhibition 
through stimulation of the intra-cardiac vagus, extra contractions, modi- 
fication of the rate of rhythm, and so on: such changes of course alter 
the state of equilibrium of the tissue and complicate to an unknowable 


extent the results mee to the change in composition of the perfusion 3 


fluid. 
5 The desiderata for perfusion in experiments of the type considered 
in this paper are chiefly the following: 


The sinus venosus and the great veins close to it ne not be 


e 
The flow 8 the heart should be abundant. 


The perfusion pressure should be sufficient to distend moderately | 


the auricle during its diastole, but should not prevent its emptying in 
systole. 


Fig. 1. Cannula. 
Fig. 2. Method of applying electrodes to heart. See text. 


The heart must be safeguarded absolutely from accidental 1 


in pressure. 


The dead space ot the cannula must be ‘eae and ought to be as 


small as possible, so that there is no doubt as to the exact time at 
which some particular solution enters the heart. : 


The. method which I have found to fulfil these 3 hak ty 


the use of a special cannula inserted into the inferior vena cava taken 
below the liver. The form of cannula which I have used is shown i in 
Fig. 1. It consists of a five way piece made of glass tubing of 2 or 
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‘stored i in Jena flasks or in bottles of ‘resistance’ glass. 


ELECTROLYTES ON: FROGS HEART. 191 


3 mm. bore, One tube is vertical (the chimney): it is about 20 mit. in 


height. Of the four horizontal tubes, one is drawn out with a neck for 


insertion into thé vein, the other three are for connexion with rabber 


tubes coming from the perfusion bottles. The perfusion bottles are 


placed at such a level that the solution rises to the top of the chimney. 
‘The least rise of pressure causes overflow; this ordinarily occurs when 


the solution is changed. The dead space in this cannula amounts: to 
less than 0°05 c.. The chimney also allows air bubbles to escape should 


any have been left in the rubber tubing. This is very useful when it is 


required to perfuse a fourth solution. Without in any way disturbing 
the preparation, one of the perfusion bottles is removed from the rubber 


tube, a small bubble of air is allowed to enter the tube and the new 
perfusion bottle is attached. If now the new bottle is slightly raised, 


the solution runs out of the chimney, and when the air bubble arrives 
one knows that the new solution has arrived at the cannula. The 
chimney also offers a ready means of introducing a dose of some drug 
directly to the heart. The needle of a hypodermic syringe is put down 


_ the chimney and the orifice directed at the tube in the vein. 


J have employed Mariotte’s bottles of 250 c.c. capacity, made of 
ordinary glass. The use of rubber tubes and of ordinary glass in per- 
fusion apparatus is open to criticism. With regard to rubber tubing, the 
danger lies chiefly in the absorption of small amounts of toxic substances 
from the fluids which may be given out later to another fluid passing 
along the same tube. In my experience, if the tubes are well washed 
out with glass distilled water immediately after nse, and before any 
particular experiment with the solutions which they are going to 
conduct, there is no objection to their employment in experiments with 
saline solutions. As regards the use of ordinary glass, Herlitzka (1912) 
has made the very interesting observation that it may so far alter the 
composition of a solution that a fluid which kept in Jena glass will not 


allow the mammalian heart to beat, will start the beat at once if used in 
a perfusion apparatus of ordinary glass. This effect is due to the alkali 


of the glass lowering the hydrogen ion concentration of the fluid. In 
the present series of experiments I have eliminated such alterations by 
the use of ‘ buffers’ (Sörensen, 1909) in sufficient amount to prevent 
measurable change in. hydrogen ion concentration through solution of 


the glass or absorption of carbon dioxide from the air during the course 


of an experiment. Naturally the vessels were washed thoroughly with 
glass distilled water, and all solutions kept for any length of . were 
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192 G. R. MINES. — 
The choice of a vein for perfusion is of importance. ‘The anterior 


abdominal vein is not well suited for this work because the vein 


‘breaks up to some extent in the liver. Liquids perfused by it do not 
run direct to the heart but are exposed to an unknown but probably 
large surface of tissue on the way. This increases the dead space and 
possibly alters the composition of the solution reaching the heart. 
To insert the cannula in the inferior vena cava, I have found the 
following procedure most convenient. The abdomen of the frog is 
opened by cutting to one side of the middle line: the sternum is then 


Fig. 38, Serial photographs of the perfused heart of the frog, from a cinematograph 


divided in the middle line. The anterior abdominal vein is pinched 


with the forceps and divided. The frog is pinned out by the upper 


- extremities. The liver is then turned forwards so as to lie over the 
heart. The stomach is seized with the forceps, drawn downwards, and 
the cesophagus cut through at its lower end. The whole alimentary 
canal is then removed by cutting through the mesentery keeping close 
to the gut. The genitalia are next removed. The inferior vena cava is 

seen running up from between the kidneys into the liver. It is further 
exposed by cutting away the remains of the common intestinal artery 
and the peritoneum which binds it to the back wall of the abdominal 

cavity. A silk thread is looped round the vein. At this stage it is 
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convenient to remove the lower parts of the frog by cutting through the 
whole of the tissues at the level of the lower borders of the kidneys. 
| This facilitates placing the cannula in position. The cannula, which 
1 has been connected with the perfusion bottles, is arranged on a bed of 
4 plasticine so as to bring the nozzle in the right position. A gentle 
stream of fluid coming from the cannula enables it to be inserted into 
4 a slit made in the vein, without difficulty. After the cannula has been 
4 | tied in, the liver is turned back and the heart exposed by opening the 
4 pericardium. When it is desired to record the beats of auricles and 
ventricle separately, the fraenum ventriculi should not be cut. If it is 
required to collect the outflow from the heart a cannula is placed in one 
of the aorte and the other aorta is tied. In other cases escape of fluid 
is permitted by cutting a slit in the bulbus aorte. Burridge (1912) 
recommends making a slit in the ventricle itself, in order to allow the 
1 escaping fluid to bathe the exterior of the heart. But when studying 
* _ the electrical changes as well as the mechanical, the advantage gained 
by slitting the ventricle is more than counterbalanced by the complica- 
tions in the electrogram introduced by the injury. The appearance of 
the heart when properly perfused is shown in the serial photographs 
reproduced in Fig. 3°. 
Chemical materials. The chemicals used were in nearly all cases 
Kahlbaum's purest. The materials employed in making the hydrogen 
ion concentration determinations were obtained from the sources indi- 
3 cated by Sörensen in his papers (1909, 1912). Pure hydrochloric acid 
was obtained from the chemical laboratory. Strontium chloride, of 
which no sample of specially controlled purity was available, I obtained 
by repeated crystallisation from Merck’s product. Solutions of sodium 
and potassium chloride were prepared by weighing: solutions of the 
deliquescent chlorides of magnesium and calcium were prepared by - 
titration with standard silver nitrate. The cane sugar solution used in 
certain experiments was prepared from thoroughly washed ‘coffee sugar’ 
crystals. The water used was boiled in a tinned vessel and condensed 
in glass. 
3 The control of temperature was one of the weakest 
points in this research. The experiments were made in a cellar. The 
bottles containing the perfusion fluids were allowed to stand side by side 
in the cellar for some time before the experiment began. The tempera- 
ture was taken from time to time by a standard thermometer either 


1 1 wish to thank M. Lucien Bull for his kindness in giving me the opportunity of 
taking this film at the Institut Marey, Boulogne-sur-Seine. | 85 1 
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placed in one of the bottles or near the heart. Sometimes the tempera- 
ture changed during the course of an experiment by as much as 1° C. 
though usually there was much less change ‘than this. This defect in 
the technique I shall attempt to remedy in future work. I do not think 
the Variation in temperature in these experiments upsets any of the 
conclusions to be drawn from them; at the same time the effect on the 
rhythm of the heart of a change in temperature of 0'2° Ci is ~~, . 
appreciable, by the methods adopted. 


Mechanical records. The mechanical movements are . by the 5 
f suspension method. Very fine silk threads are tied, one to the extreme 


tip of the ventricle, the other to one of the auricles. These threads 
should be attached without injuring the muscle. A special pair of 
forceps should be reserved for this operation: the finest iris forceps may 
be used, or, better, forceps with broad hollow shafts tapering to sharp 


points in perfect alignment. An exceedingly small bit of tissue is 


picked up and tied with a single knot. The threads pass over light 
pulleys to be attached to levers of special construction which move in 
front of the slit of the photographic recorder. To f 
make the moving parts as light as possible, and to 
avoid friction, I have constructed a very simple form 
of lever (Fig. 4), adapted only for taking shadow 
records, It consists of a thin slip of straw supported 
bya stretched loop of silk. The loop of silk which 
forms the axis is held between two pins, one of which: 
is attached to a brass support directly, the other 
mounted so that its distance from the first can be 
adjusted over a certain range by a screw. The straw 
is passed through ‘the loop and twisted round several 
‘times. The tension of the loop is then altered by 
means of the screw until the lever gives the desired 


amount of pull on the thread from the heart which Fig. 4. Mode of sus- 
cS is attached to it. I have found this arrangement pension of lever. 


more sensitive and more convenient than a lever Bee text. 
pivoted in metal bearings. 


Electrodes. For obtaining records of the electrical ais in the 


heart I have used a simple form of zinc electrode, in which the Ringer's 


solution is prevented from mixing with the zinc sulphate by a 10 % 
solution of gelatine, as suggested by Noyons. The gelatine is made 


up with Ringers solution and a little thymol: a-glass tube of about 


6 mm. bore and about 8 ems. in length is half filled with the gelatine, 
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and in it is partly embedded a piece of worsted. When the gélatine is 
set, the other end of the tube is filled with zinc sulphate solution, 
and a thin zine rod, soldered to a brass terminal (the junction being 
well coated with Prout's glue), is introduced into the tube and fixed 
there with the aid of a short piece of rubber tubing. The electrodes 
are kept when not in use with the worsted dipping into Ringer's solution. 
They will last for weeks, pe if properly treated they seldom Sond 
‘compensation, 

In most of the experiments to be described, one electrode was 3 
on the apex of the ventricle. The worsted was tied on by the thread 
already attached to the tip of ventricle. This arrangement is shown in 
Fig. 2. The other electrode was usually placed on the sinus venosus 
or in contact with the liver or the back of the abdomen. In some cases 
a third electrode was employed, this being fixed in contact with an 
auricle, with the base of the ventricle or with some other part. In such 
instances a telegraph key was arranged so that the electrodes could be 
coupled to the galvanometer leads as required. 

Galvanometer. The instrument used was the Cambridge model of 
Einthoven's string galvanometer. A silvered quartz or glass ‘string’ 
‘ of about 4 or 5 u was employed. For illumination a 20-ampére Zeiss arc 
5 lamp was used, but in the later experiments this was satisfactorily 

replaced by a small Leitz hand-feed arc, taking about 5 or 6 ampéres, 
The intensity of the luminous crater and not its size is the factor of 
importance for this work. The condensing system was composed of 
a double convex lens attached to the lamp by a sliding tube, and a 3“ 
objective in the galvanometer tube. The beam passed through a heat 
filter of distilled water. For projection a objective and a Zeiss pro- 
jection ocular were used. The recording surface was placed about 1} 
metres from the galvanometer: the linear magnification of the string 
was about 350. 
Time marking. An aluminium disc 7°5 cms, in diameter carrying 10 
projecting teeth of which two, placed opposite to each other, are wider 
than the rest, is so arranged that the teeth pass through the focus ofthe 
= projection ocular. The disc is mounted on the spindle of a small phonic 
_ wheel kept in rotation by the intermittent current from a tuning fork. 
ae The arrangement is a slight modification of that used by Bull. If the 


tuning fork gives 50 vibrations per second, the wheel revolves 5 times 
a per second, and the light is cut off by the teeth 50 times. But as every 

| fifth tooth is wider than the rest, tenths of a second are marked more 
strongly, and thus it becomes very easy to measure intervals of time on 
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the tracing,’ In these experiments the frequency of the fork was 
50°25 dv. per sec. | 
A correction of + 0˙5 %½ should be applied to all the time values given. 
Photographic recorder. The records were taken on rapid bromide’ 
paper about 8 cms. wide. Since it was often necessary to use 10 or 15 
metres of paper in a single experiment a special apparatus was made, 
the chief point of which is that the exposed paper is wound on a roller, 
as in a cinematograph, instead of being left loose in a box, as is the case 
with several types of recorder on the market. The arrangement is of 
the utmost simplicity (Fig. 5). 


On a teak base 28 x 20x 1˙8 cms. is erected a teak box 30 5 28 N 16 ems. The box is 
subdivided by an incomplete partition half way up. Each compartment has a door at the 
back and will accommodate a roll 9 ems. wide by 14°65 oms. in diameter. | 
A brass rod 4 mm. in diameter in each compartment pierces the ‘sides of the box and 
to it is fixed by an arrangement of nuts and washers a wooden roller 9 ems. long and 
5 ems. in diameter. The roller in the 
lower compartment carries about 60 
metres of bromide paper. The unexposed 
paper passes from the lower reel over a 
small roller fixed inside the box, out 
through a wide slot and round a Sand- 
strom drum placed horizontally so that 
the point of contact of a vertical tangent 
to the drum comes at the focus of a 
cylindrical lens which covers the slit 
transmitting light from the apparatus. 
Above the drum is a rubber-covered roller 
mounted loosely as shown in Fig. 5, with 


wound on the roller there. The paper 
is kept in tension all the time by a 
string which is wound on the axis of 


* 
4 
| 
springs, which holds the bromide paper 
3 firmly in contact with the drum and 3 
. ; 
3 absolutely prevents slip. The paper re- 5 
4 enters the box, passes under a roller, * 
7 Fig. 5. Photographie recorder for long rolls 
4 roller. This string passes over of bromide paper. See text. 
8 pulleys and carries a clock weight placed 
4 out of way wall. is allowed to run throughout an ex- 
: 
a periment, the movement of the drum is started and stopped by a clutch arrangement 
. a tal room. To avoid waste of paper the upper roll has wound 
K. ‘ 
4 upon it a few metres of non-sensitive paper. Before using the apparatus this is joined to 
of paper junction brought opposite the slit. 
a the experiment is a long 
4 | nt isa one a pencil mark is made on the paper occasionally to indicate 
3 where it may be cut without interfering with a record. If several experiments are done 
3 in succession ving a number | 
. „ each invol a number of exposures, a double line is drawn across the 
a paper at the end of each t. paper is to be developed, it is cut across 
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at the level of the slit, and the exposed paper is rolled by hand from. the: upper roller, 
The new roll thus formed has the part first exposed on the outside. This is at once 


me inscribed with pencil, with the date, the number of the experiment and the symbols ‘§ 1.’ 


Starting with this end a roll is made until about 6 or 8 metres have been wound off. 
The paper is then cut at the nearest pencil mark, the remaining roll marked ‘§ 2’ and 

so until the whole paper has been divided into a convenient number of sections. With a 
little practice a roll of 6 or 8 metres of paper may be developed by hand without 
special apparatus. The paper should not be too thin. A whole-plate dish is used and 
plenty of developer. The roll of paper is passed from one hand to the other several times. 
A satisfactory and cheap developer is made by taking a saturated solution of sodium 
- sulphite, to which immediately before use is added a little amidol, and an equal bulk of 


water. For fixing, a nearly saturated solution of sodium hyposulphite, with no additions, 


ON THE INTERPRETATION OF THE ELECTROCARDIOGRAM. 


The variation in form of the electrocardiograms obtained from 
different frogs demands some discussion before it can be decided what 
features of the curves are of importance for our investigations. The 
derivations I have used are similar to those employed by Samojloff 
(1910) and I confirm absolutely the general statement to be found in 
his admirable paper, viz. that with this mode of derivation there are two 
features of the greatest constancy, a small deflection, indicating ‘neya- 
tivity’ of the basal electrode, to the apical electrode preceding the 
auricular systole, and a large deflection in the same direction preceding 
the ventricular systole. The further course of the curve is variable: I 
have encountered ‘all the types mentioned by Samojloff as well as 
others. The final variation due to the ventricle may be in the same 
direction, or in the opposite direction to the initial variation: occa- 
sionally it is scarcely perceptible. 

The ventricular complex. The physiological significance of the i 
deflection which the ventricular complex begins has never been called 
in question. It indicates, as Burdon-Sanderson showed, that the 
base of the ventricle becomes excited before the apex. The excitation 
spreading to the apex, if the latter is uninjured, the whole ventricle 
again becomes isoelectric; since the second phase follows the first with 
great rapidity owing to the rapid conduction of the excited state 
through the muscle, the result is the characteristic ‘spike’ of Burdon- 
Sanderson, ‘first ventricular wave of Waller or ‘R-wave’ of Ein- 
thoven. 

Regarding the remainder of the ventricular complex 0 _— are 
much divided. 

We may, I think, simplify the discussion by disposing of certain 
suggestions which have been made recently as to the nature of 
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the final ventricular wave. Straub (1910), Hoffmann (1910) and 
Samojloff (1910) consider that the final wave is the expression of 


a different process in the muscle from that indicated by the initial 


wave. More recently Seemann (1912), as the result of extensive 
researches on the heart of the frog, conclades that while the initial 
wave is the electrical expression of excitation, the final wave is the 
electrical expression. of contraction, Seemann’s hypothesis is, it 
appears. to me, completely upset by the experimental fact that the 


contraction of the heart muscle may be abolished under certain 


conditions without abolishing or even reducing the size of the final 


wave. The evidence on which this 1 = be discussed and 


illustrated in a later section of this paper. 

But others have suggested that the final wave is ia on 
some process in the muscle of a different kind from that responsible for 
the initial variation, without making the assumption that this other 
process is the mechanical shortening. It must always be borne in mind 
that a deflection of the galvanometer shows only that one region of the 
heart is at a higher potential than another region at the time. 

If the final variation depends on some process in the muscle other 
than that responsible for the initial variation (and yet like it in being 
accompanied by a disturbance of electric potential) it must be a process 
which takes place in one region of the musculature and not in another, 
or at different times in different parts, or to a greniet degree in one 
region than in another. Apart from its orientation no process taking 
place in the muscle generally can be thought of as yielding a difference 

of potential between two distant regions of the muscle. 

There is much positive evidence that the final variation of the 
ventricular complex is the electrical expression of the passing off of that 
process, the beginning of which is signalised by the initial variation. 

It is universally admitted that when one region of the muscle 
assumes the excited state while another region remains unexcited, an 
electrode on the excited region is at a lower potential than that on the 
unexcited region. This, of course, is the state of affairs at the beginning 
of the ventricular complex. The base is ‘negative’ to the apex. The 
excitation spreads with great rapidity over the muscle and when the 
whole muscle is excited the electrodes are at the same potential. Now 
it is obvious that unless. the excited state passes off simultaneously in 
all regions of the muscle, or unless it passes off symmetrically with 
regard to the two electrodes, there must be a difference of potential 
between the electrodes towards the termination of the excited state. 
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A priori it is improbable that the excited state will pass off sym- 
metrically with regard to the two electrodes, except in rare instances, 
for it started asymmetrically with regard to these fixed points. It 


follows that as a rule the passing away of the excited state must be 


signalised by the appeatance of a deflection of the galvanometer. In. 
the typical electrogram, the ‘T-wave’ is the only feature of the 


complex which occurs anywhere near the finish of the excitation process 


in the muscle. As shown by the comparison of an electrogram from an 
uninjured ventricle with an electrogram from the same ventricle after 


local injury under one electrode, the time relations of the final 


variation show the closest agreement with the passing off of excitation 
as indicated by the fall of the monophasic variation of ‘the injured 
heart. 

_ A deflection of some kind, due to the same process as the initial 
variation, is bound to a pear in the great majority of cases at just that 
time when the final variation actually makes its appearance. It is 
therefore at present superfluous to make the assumption of some other 
process to account for the appearance of the final variation. 

The initial variation is the electrical expression of the asymmetric 


orientation of the excited state in the muscle with regard to the two 


electrodes, at the beginning of ventricular excitation. The final variation 
is the electrical expression of the asymmetric orientation of the excited 
state in the muscle when the excitation is passing away. Such a view 
was the outcome of the classical researches of Burdon-Sanderson and 


Page (1880, 1883) on the ventricles of the tortoise and frog. They 
showed that by local warming of the muscle in the region of one of 


the electrodes the capillary electrometer record which resulted from 
stimulation of the muscle was modified in just that sense which would 
be predicted as the result of hastening the termination of the excited 
state under the warmed electrode, Bayliss and Starling (1892) 
made somewhat similar observations on the naturally beating heart of 
the mammal, and concluded that the form of the final ventricular 
variation was determined by the unequal duration of the excitation 


process at the base and at the apex of the ventricle. - 


‘The effects of local warming may be demonstrated with the greatest 
ease and certainty on the naturally beating frog's heart. If the final 


a wave is positive (ie. in the same direction as the initial wave) the effect 
of warming the apical lead is to render the final wave more strongly 


positive. If the final variation is negative, it is easily rendered Positive 
by warming, even very slightly, the apex. Conversely by warming the 
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base of the ventricle a positive final variation can be rendered angers, | 


or a negative variation rendered more strongly negative. 
In these experiments the local warming was carried out by plating 
a little loop of platinum foil round the required region, but at some 


distance from it. With a suitable resistance in series a current was 


‘Fig. 6. Warming of apex begins at signal and ends with the first portion of 
- tracing. Second portion one minute later. Time marked in ‘2’. x}. 


sent through the foil, s0 as to warm the heart by radiation. A thermo- 
meter, the small bulb of which was placed in the position occupied by 
the heart in the following experiments, rose from 14° to 26° in 3 and to 
33° in 1. Fig. 6 shows that the effect of warming appears within 2” of 
the commencement of warming. Figs, 7 and 8 illustrate the various 
points mentioned above: each of them shows the perfect reversibility 


of the effect produced. When the local warming is stopped, the final 


wave regains its original form whatever this may have been. 


Fig. 7. Stages in warming apex of frog’s heart are shown in the second and third 
parts of this tracing. The first and last pieces taken before and after the warming. 
‘Bee text. Time in 2“. x}. 


It remains to consider the sign of the final variation when the 
different regions of the ventricle are kept so far as possible under 
similar conditions. The chief point requiring explanation is that with 
the electrodes arranged as usual, one in contact with the base and 
the other with the apex, the final wave is very frequently positive. 
According to Gotch (1907) this is invariably the case with the normal 
heart in situ properly supplied with blood, and in my experience it is 


very common in the perfused heart under the experimental conditions 


which 1 have described: 
As stated most clearly by Bayliss and Starling (1892) the positive 
final variation means that the excited state persists longer at the base 
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of the ventricle than at the apex. In the light of the evidence which I 
have reviewed there appears to be no escape from this.conclusion. 
Why should the base of the ventricle which becomes excited first 


remain excited last? 


Got ob's hypothesis. In order to account for the fact that in the 
frog’s heart left in situ, the basal region of the ventricle is negative 
to the apical region both at the beginning and at the end of the ven- 
tricular complex, Gotch in 1907 advanced the very attractive hypothesis 
that the form of the electrocardiogram is reminiscent of the ontogenetic 


Fig. 8. Frog's heart. @ and e normal. In the aso of ventricle was warmed. 
Wee warmed, x}. 


Mer of the heart. The ventricle is developed as a de which 5 
becomes folded on itself. The aortic region of the heart represents the 
most distal part of the tube in the primitive heart, the last part to 
become excited. Gotch supposes then that in the frog’s ventricle the 
wave of ‘negativity’ starts in the base in the region remote from the 
aorta, is propagated to the apex and thence to the aortic region of the 
base 


This conclusion is based chiefly on the following observations : 
(a) With one electrode on the apex of the ventricle and the other 
going across the auriculo-ventricular groove, the form of the ventricular 
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complex is such that the final deflection is of the same sign as ei 
deflection. 

(5) With one eloghrotle on the aortic ‘region of the base, wit the 
ee on the left margin of the base, the latter — is found to become 
excited before the former. 
Gotch lays stress on the fact that in eee to 8 these 
effects it is necessary to leave the heart in situ and well supplied with 
blood. More recently Gotch (1910) has extended his observations ‘to 
the hearts of the tortoiee and the rabbit. 


Meek and Eyster (1912) have lately 0 to Gotch’s iio 


thesis on the ground that every region of the base of the tortoise heart 
becomes excited before the apex. What they have shown is that every 
region of the base becomes negative to the apex at the beginning of 
the ventricular complex. It is equally true that with the frog’s heart 
in situ, an electrode placed at the region of the aortic exit shows that 
this region becomes negative to the apical region at the beginning of 
the ventricular complex. But this does not upset Gotch’s position, as 
Meek and Eyster assume. For the ‘negativity’ of the aortic region 
at this stage may possibly be a passive affair, an expression of the fact 
that the aortic region of the heart is much closer and connected by tissue 
presenting less electrical resistance to that region of the base in which 
excitation, and therefore active negativity,’ starts than is the apex. If 
we suppose that the muscle tissue which is involved in the return path 
of excitation in the ventricle postulated by Got ch is small in amount, 
it is possible that the electrical changes involved in the assumption by 


| it of the excited state might be swamped in other electrical changes 


involving wider tracts of musculature. It yet remains possible that the 
‘negativity ’ beginning later and therefore presumably leaving off later 
in the aortic region should render the basal region of the heart negative 
to the apex at the end of the ventricular complex. Vet the uncertainty 
in the form of the final-variation under experimental conditions makes 
it difficult to accept any hypothesis involving structural considerations 
in explanation of one N form of wave which is only sometimes 
encountered. 

But before deciding whether Gotch’s hypothesis is in. any way 
available for the explanation of these results, I thought it best to 
attempt to satisfy myself as to its validity under the conditions laid 
down by Gotch. I therefore made a series of experiments in which 
the hearts of healthy, freshly caught frogs were exposed and. while 
beating normally were led off to the galvanometer without e 
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while Bi and B, were connected successively, 
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with blood supply and without displacement from the normal: position: 
Gotch found that opening the pericardium in no way upset his results : 
I therefore did this since there are obvious advantages for our 1 


in confining the contacts with the heart to small areas. 
Referring to the diagram in Fig. 9, we may recapitulate the chief 


experiments of Gotch on the frog’s heart thus: — one o electrode 


across from B, to B, and the other at A, 
he obtained the: triphasic variation whose 
origin we are discussing. Placing one 
electrode at B, and the other at B, he 
found that Bi becomes excited before B,. 

The method by which I endeavoured to 
control these observations was as follows: 

I used three similar electrodes which 
made contact at A, B. and B. 4 was 
connected to one pole of the galvanometer 


by means of a two-way key, to the other pole. Fig. 9. 

The electrocardiograms obtained from these 

pairs of leads were then compared. The connexions were always arranged 
so that negativity of the base caused an ‘upward’ movement in the 
record. If the character of the final variation of the ventricular com- 


plex depends on the passage of excitation by the route Bi, A, B. through 


certain of the fibres, the relative negativity of B, to A at the end of the 
complex should be much more pronounced than the relative negativity | 
of Bto A at this time. On the other hand the converse relation should 
obtain at the beginning of ventricular excitation. 

I found that the results obtained by derivation from the heart 


in situ showed individual differences of a much more disturbing 


character than those associated with the mode of derivation I have 
adopted in my perfusion experiments. The differences of potential 
set up in the heart are short-circuited to a greater or less extent by 
the tissues on which the heart lies—the movements of the heart 


affect the extent of this short-circuiting: differences of potential are 


transmitted from one region to another through the tissue, and thus 
when the electrodes are both on the ventricle, the auricular variations 
may show in the electrogram. This is ‘encomnion when the heart i is 
raised from its bed. 

To economise space aud to facilitate 8 I give in Fig. 10 


tracings made with pen and ink from. the photographic records of 14 
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consecutive experiments, The first column shows the curves obtained 
from the derivation apex-left base, the second column those from the 
‘derivation apex-aortic base. These experiments yield some evidence in 
support of Gotch’s hypothesis as to the course of excitation. For with 


Derivation A- Br | Derivation A Bz 


the first derivation in Exps. 3, 9 and 12, the final deflection was downwards, 
while in all cases (except 3, where it was practically absent) with the 


second derivation the final deflection was upwards, But against this 
must be set Exps, 5, 11 and 14, where the final wave is actually more 
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positive with the first derivation than with the second. And in 


Exps. 1, 6, 10 and 13, the difference is scarcely of the magnitude to 
be deduced from the hypothesis. Moreover the deduction as to the 
relations between the initial parts of the ventricular complexes as 
found in the two different derivations receives no support. This 
deflection is sometimes greater i in one derivation and sometimes in the 


other. It is curious that in Exp. 7 this wave was inverted with the | 


first derivation. 


Certain other points of interest may be noted. With the first 
derivation, the auricular excitation is indicated by a downward deflection 
in all experiments except the first—with the second derivation the 
converse is true, In more than half the experiments, the second deriva- 
tion gave clear indication of the excitation of the bulbus aortæ. This 
is most striking in Exps. 2 and 11, but is also unmistakable in 3, 4, 5, 10, 
12 and 13. 3 

The fact that the aortic bulb contracts some time after the ventricle 
is not proof that the excitation reaches it by a devious route; it is 
strictly comparable with the pause at the auriculo-ventricular junction. 
It seems to me that these experiments lead to the conclusion that 
in the frog’s heart the circular conduction occurs only to a very aug 
extent. 

Even with the heart in situ, in seems then that the hypothesis of 
G otch cannot be regarded as a sufficient explanation of the form of the 
final ventricular variation. Meek and Eyster have justly pointed out 
that the duration of the final ventricular variation is often too great to 
be accounted for merely by the later arrival of excitation at one particu- 


lar region of the base, calculated on the basis of the rate of propagation 


of excitation in ventricular muscle given by Gotch. 
Gotch insists that his observations applied only to the heart left 
in situ. And indeed the difficulties in the way of the application of his 
hypothesis to the heart under experimental conditions such as I have 
described at the beginning of this Paper a are very great. 

As Samojloff (1910) found, the sign of the final variation may 


change when no external condition is intentionally altered. Such a 


progressive change always takes place very gradually. There exist 
certain observations which apparently correlate changes in the final 


variation with known changes in the conditions under which the heart 
is placed. Thus Samojloff found that stimulation of the vagus caused 
a marked change in the character of the final variation. If it was 
positive in sign, it tended to become negative when the vagus was 
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stimulated; if negative, it became more strongly so. I was able to 


confirm this observation (1912), both for stimulation of the vago-sym- 
pathetic trunk and for stimulation of the sinus venosus in a considerable 
number of cases. But in some instances, both on stimulation of vago- 
sympathetic trunk and on stimulation of the sinus venosus, although 
good inhibition was obtained, the final variation was practically unaffected 
when the beats returned. In other cases, in which also the inhibition 
was well marked, the effect on the final variation was to render it much 
more strongly positive. How far this result was due to the effect of 


sympathetic stimulation I shall consider in a subsequent paper where 


I propose to describe the effects of stimulation of the sympathetic. For 
our present purpose we need only note that the amplitude and the sign 
of the final variation are liable to be affected by nervous influences. 


CH 


Fig. 11, 


In several cases I found an apparent relation between the hydrogen 
ion concentration of the perfusion fluid and the sign of the final variation. 
Thus for example Fig. 11 shows tracings taken from an experiment in 
which on the perfusion of a solution of Cg. 10 the final variation 
in the course of some minutes became negative. Change to a solution 
of Cg. 10-** was followed by a gradual change to a positive final 
variation. This was repeated a number of times. The figure shows 
that the total duration of the ventricular complex is greater in the 
more acid’ than in the more alkaline’ solution. There is no question 
that in this particular experiment there was a definite relation between 
the sign of the final variation and the Cy. of the perfusion fluid. But 
Fig. 12 shows an experiment on another frog with the same perfusion 
fluids. Here again we see a relation but it is exactly. opposed to the 
result of the preceding experiment. Here too the ‘more acid’ solution 


increases the length of the ventricular complex; but here the final 
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variation is positive in the alkaline solution and negative in the acid. 
The rate of development of the change was similar in these two 
experiments. It occurred always some minutes after the new fluid had 
started running through the heart: when the reversal started, it took 
place much more quickly than in the spontaneous reversals to which 
allusion has been made. In one case I recorded the act of reversal on 
a rapidly moving paper. To economise space, I have traced a series of 
eight consecutive ventricular complexes from this record. — are 
shown in Fig. 13. 


Fig. 18. 


A change in the Cy. of the perfusion fluid, then, may cause 
alteration in the sign of the final variation. But the reversal may be in 
opposite senses in hearts of different frogs. In other cases no clear 
relation at all was discoverable. 


Now these circumstances specially liable to ‘iad the form of the 


final variation, namely changes in the hydrogen ion concentration and 
the stimulation of the cardiac nerves, are changes which affect the 
duration of the excitation process in the muscle. In the case of nerve 
stimulation, it is very likely indeed that one region of the muscle 
should be more affected than another. But it is less obvious why the 
perfusion fluid should alter one region more than another. Probably 


te whole problem arises out of the remarkably great length of the 


excitation wave in heart muscle. The excited state—the condition of 
14—2 
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208 G. R. MINES. 
‘negativity —lasts so long in the heart muscle that those little 
differences in the condition of the muscle in one region or another, 
which are to be expected in a mass of tissue of the magnitude of the 
ventricle, may decide the state of affairs at the end of excitation. In 
other words, the length of time during which the excited state persists 
in any region of the heart muscle is very long, while the time taken for 
the excited state to travel from one region to another is very short. 
A small percentage difference in the time of persistence of excitation 
in one portion of the muscle as compared with another—a difference, 
that is to say, such as will be produced by quite trivial differences in 
environment or in relations to environment—will result in differences 
in the time of ending of excitation of one part of the muscle as 
compared with another which will 
entirely override the very small 
differences in time which separated 

the beginning of excitation in the 
one region and in the other. 

This idea is strongly supported 
by the highly important observation 
of Samojloff (1910), that in an 
extrasystole, provoked by stimula- 
tion of the apex of the ventricle, the 
initial variation in the ventricle is 
inverted, but the final variation has 
the same form as in the response of | Pig. 14. 
the ventricle to a normal auricular 7 
excitation—whether this form is positive or whether it is negative. 

Finally I will describe an observation, which struck me as being 
very interesting in this connexion, on a case in which there was alter- 
nation in the ventricle of a tortoise. The heart was that of a large 
‘Spanish terrapin.’ It was excised and placed on a paraffin block. 
Electrodes were fixed so as to touch the heart in the regions indicated 
in the sketch (Fig. 14), Region A was treated with a few drops of 
a modified Ringer's solution of Cy. 10-*. I cannot say whether the 
effect to be described was due to this treatment: alternation is very 
frequently developed in the excised tortoise ventricle in the absence of 
any special treatment. Fig. 15 shows the records obtained by the 1 
three modes of derivation indicated. In all three there is alternation 3 
in the form of the ventricular complex. With the derivation BO the : 
final ventricular wave is alternately positive and negative. 
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This state of affairs lasted for many minutes; a short piece of the 
tracing taken on a slower paper is reproduced in Fig. 16. 

In previous papers (1912), dealing with the condition of alternation 
in the electrograms from the frog’s heart, I have shown how Gaskell’s 
(1882) original explanation of mechanical alternation may be applied 
to the interpretation of the complex phenomena presented both in 
clinical and experimental studies of the condition. I need not recapitu- 
late the evidence here. It may suffice to state that the condition of 
alternation depends essentially on local differences in the condition of 


Fig. 15. Alternation in form and in sign of the final ventricular variation, 
heart of tortoise. See text. Time in 2“. x}. 


Fig. 16. From same experiment as Fig. 16. Time in 2“. x}. 


the ventricular musculature. There is no more difficulty in explaining 
on these lines a case where there is alternation in sign of the final 

ventricular variation than where there is merely a slight difference in 

the form of the ventricular complex in successive beats. But as the 

condition of alternation in sign of the final variation is rare, I have 

thought it worth while to describe this instance. It shows most clearly 

that the sign of the final ventricular variation gives information only 

about relative differences between different parts of the muscle and 

tells one nothing as to the condition of the musculature as a whole. 
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zs electrical variation due to the auricles. : 
In the electrogram obtained by derivation from the apex of the 


ventricle.and the base of the heart, the only expression of the activity 


of the auricles which is ordinarily apparent is a small deflection in the 


same sense as the first 


ventricular wave, return- 
ing quickly to the base 
line. The rise and fall 
are as a rule symmetrical. 
A little consideration is 
needed to understand 
why the auricular exci- 
tation should yield this 
simple form of curve— 
the P-wave. If electrodes 
are applied directly to a 
piece of excised auricular 
muscle, as Noyons has 
shown in the tortoise 
(1910), its excitation re- 
sults in an electrogram 


quite as complex as that 


obtained from the ven- 
tricle. But the electro- 
motive force is smaller. 


The auricles are very 


thin-walled and therefore 
the short-circuiting fluid- 
bathed surface is large in 
proportion to the internal 
membrane system where 
the potential differences 
arise. The production of a 


Fig.17. Records of frog’s heart with different sensitivities 


of the galvanometer. The tension of the string was 


in every case great enough to obviate errors due to 


deflection time. See text for further description. 
Time marked in 


difference of potential between the 8 depends on an 3 
orientation of the excited state with respect to the two electrodes. This 
occurs in the highest degree, with the ordinary modes of derivation, 
both in auricle and in ventricle at the beginning of excitation. It is 
then that the greatest potential difference in the whole complex appears. 


If the sensitivity of the galvanometer is reduced to a suitable extent 
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the initial ‘spike’ may be the only part of the complex recorded. 
And if auricles and ventricle are included in the same derivation, since 
the ventricular ‘spike’ is much higher than the auricular, the latter will 
disappear while the former remains. This is illustrated in Fig. 17. 
In the first tracing the électrogram is taken with a moderate tension of 
string. In the succeeding portions, B, O and D, the tension was in- 
creased. It will be noticed that in D nothing remains obvious except 
a little notch corresponding to the first ventricular deflection, The 
final ventricular variation is not to be seen. And this little notch, the 
identity of which with the first ventricular waves of the preceding 
tracings, is established at once by comparison with the simultaneous 
mechanical tracings (lever shadows), resembling closely in form the 
- auricular wave of the ordinary electrogram. In this particular curve, 
very close inspection reveals the first auricular variation. | 

But there are other reasons why the electrical sign of the passing 
away of auricular excitation is likely to escape notice. in the electrocar- 
diogram. It must usually be small in comparison with the initial 
variation. Leading off from the base and the apex of the heart the 
electrical connexions with the auricles are by two very extensive leads. 
The auricles are connected with the ‘ base’ electrode by the whole sinu- 
auricular junction and by the aorte which touch the auricles in, front 
and run to the general mass of the frog’s body. The connexion with 
the ‘apex’ electrode is formed by the very large area of the junction 
between auricles and ventricle as well as by the aorte which spring 
from the ventricle and are in contact with the auricles. 

The appearance of a final variation’ depends upon the excited state 
persisting longer in one region than in another, these regions being 
placed asymmetrically with respect to the two electrodes. 

The instant at which any particular region ceases to be excited 
depends not only upon the moment at which it became excited but 
also on the condition of the muscle, For since the rate of spread of 
excitation is high, very small local diffetences in the condition of the 
muscle may determine that a region which became excited early shall 
remain excited late, or vice versd. With such factors at work it is easy 
to see that the orientation of the excited state in the muscle when the 
excitation is passing away need not be the mirror image of the orienta- 
tion of excitation when it is spreading over the muscle, And thus 
while at the beginning of the excitation one may say that the muscle 


near one electrode is excited while that nearer. the other electrode is 


not yet excited—the time at which excitation begins in any particular 
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part of the syncytium being independent of the time during which that 
excited state will last the passing away of excitation will be far less 
definite. The more extensive the electrodes, the greater the chance 
that the KM. F. set up in one direction by one part of the muscle will be 
counterbalanced by an opposite £.M.F. due to another region. 

Lastly, the time at which the final electric variation in the auricle 
occurs is most unfavourable for its recognition in the electrogram of the 
complete heart. It takes 
place as a rule at the 
same time as the initial 
ventricular variation. 
This is seen in comparing 
records taken with the 
electrodes alternately on 
sinus and auricle, and 
sinus and ventricle. With 
the former leads the 
tracing shows indication 
of the ventricular eom- 
plex, but it is easy to 
: distinguish the final vari- 
ation due to the auricle. 
Fig. 18 illustrates these 
points. In this instance, 
as often with the elec- 

trodes on sinus and ven- 
tricle, the final variation 


18 entirely swamped in Fig. 18. Frog's heart. Not perfused. Records of con- 


| 2 tractions of auricle and ventricle in each tracing. 
the A uch gr eater Sra Electrograms taken with the electrodes (1) on sinus 
tricular variation. and tip of ventricle, (2) on sinus and auricle, 

Occasionally one may (8) on auricle and ventricle. The final auricular 
detect the final auricular variation visible in (2) is marked with a cross. ne 
variation in the electro- 
gram of an uninjured heart with the electrodes on sinus and ven- 
‘tricle. I have already published an example of this (1912). It may 


be made apparent with these leads by making a section through | 


the greater part of the auriculo-ventricular junction. In this way the 
area of contact of the ventricle with the auricle is reduced and the 
ventricular beat is, for a time, stopped, if the section is performed 
successfully. In such a preparation the whole electrogram of the auricle 
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becomes obvious (see Fig. 19). It is similar to that obtained by 
direct derivation from the auricle and it presents the same uncertainty 
regarding the form of its termination as does the ventricular electrogram. © 
If the ventricle starts beating with an independent rhythm, the 
interference of the auricular and ventricular electrograms meeting in 


Fig. 19. Frog’s heart. Auricle electrogram by derivation from sinus and ventricle, — 
after partial section through auriculo-ventricular junction. The ventricle was 
quiescent. See text. x}. 


‘Fig. 20. Dissociation of auricle and ventricle, to show influence of phase of interference 
on form of electrogram. The mechanical record indicates both auricular and 
ventricular movements. x 4. | 
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different phases illustrates how the former may sometimes be swamped 
in the latter. Fig. 20 gives an illustration of this, the cycle of the 
ventricular rhythm was here very slightly more than four times as long 
as that of the auricular rhythm. 


The swamping of the initial iain variation by the initial 


ventricular is familiar to every student of the electrocardiogram. It is 
seen in almost any case of dissociation of auricles and ventricles. 


In the normally beating heart of the frog, with derivation from 
sinus and ventricle, the final auricular variation, even if it is big enough 


to affect the galvanometer, will often escape recognition because it is so 
timed as to fall within the great electric disturbance which occurs at 
the beginning of ventricular excitation. 


INFORMATION TO BE DERIVED FROM THE EXPERIMENTAL 
ELECTROCARDIOGRAM. 


We may now summarise the chief points of interest in our experi- 
mental electrocardiograms and decide which of their features may be 


studied with least risk of disturbance by experimental errors. 


(1) Duration of the cardiac cycle. The first ventricular variation 


gives a delightfully sharp point in the cardiac cycle. The interval 


elapsing between the beginning of one ventricular excitation and the 


next may be measured with accuracy from this deflection. — 
(2) Duration of the excited state in the ventricle. Although its form 
is variable, the final variation of the ventricular complex is seldom 


absent. It is generally possible therefore to determine the total dura- 


tion of the ventricular excitation by measuring the interval between 
the beginning of the initial and the end of the final ventricular variation. 
: (3) The auriculo-ventricular interval. As has been remarked, the 


initial variation of the auricle and that of the ventricle form constant 


features of the experimental electrocardiogram. The interval between 
the rise of the first and of the second of these waves indicates the 
interval between the beginning of auricular and of ventricular excitation. 


Even with considerable alterations in the position of the electrodes the 
value determined for this interval remains nearly constant. Thus in 
the curves given in Fig. 21, in (a) the electrodes were on the sinus and 


the tip of the ventricle, The electrogram gives 48“ as the value of the 
auriculo- ventricular interval. In (ö) the electrode previously on the 


apex was placed in contact with the auricle, close to the auriculo- . 


ventricular junction. The first ventricular variation still affects the 
galvanometer and the interval shown is 49“. In (o) the electrodes 
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remained as in (b) but the sensitivity of the galvanometer was increased, 
The interval still has the value 49“. : | 

(4) The rate of propagation of the wave of excitation from base to 
apes. Burdon-Sanderson pointed out that the time occupied in the 
passage of the excited state from base to apex is represented by the 
duration of the rising phase of the first ventricular variation, The 


Fig. 21. x 


speed of recording surface which I have used (about 50 mm. per second) 

was too low for the satisfactory study of small changes in this value. 

I shall therefore refer only incidentally to measurements of this 

I have attached no particular importance to the absolute values of 

the potential differences recorded. The electrodes derive only a fraction 

of the total E. M. y. This fraction will be altered in amount according to 

the degree of tone of the heart, and therefore the amount of short- 

circuiting by fluid within the cavity. The potential differences available 

1 have been sufficient in every case to allow of a well stretehed and there- 

1 fore quickly responsive string. The deflection time has been as a rule 

1 between 01“ and 02“. My usual practice has been to adjust the 
tension of the string so as to give an easily read auricular variation. 
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The following data show that within width limits of variation in 
sensitiveness of the galvanometer the time relations of the factors to be 
dealt with remain sensibly constant. 


between Duration of Rising phase of 
18 mm. “45” — Of paper 
4mm. “45” 
2 mm. 45% 07“ 
Less than 0°5 mm. 45“ Final varistion “07” 
illegible | 


From the mechanical records of auricles and ventricle, and from 
comparison of these with the simultaneous electrograms, information 
may be obtained on the following points: 

(5) the relative amplitudes of the mechanical responses under 
various conditions, 

(6) their durations under various conditions, 

(7) the 1 between the beginning of excitation and of 
contraction. 

It will be shown that these factors undergo striking and . 
istic changes as a result of altered chemical environment. 


THE INFLUENCE OF HYDROGEN ION CONCENTRATION. 


If the heart is treated with a strongly acid (eg. Cn. 10-*) or a 
strongly alkaline solution (e.g. On. 10 it stops in a firmly contracted 


state. But in both cases the stoppage and the going into contraction 
are two distinct affairs. For, as has been known from the time of 


Gaskell’s experiments on the effects of lactic acid on the frog’s heart 
(1880), a very moderate degree of acidity stops the heart in diastole: this 
is in fact the generally recognised effect of acid on the heart. Tonic 
contraction is produced by acidity only when far greater than that 
required to arrest the heart. With alkaline solutions on the other 
hand, the concentration needed to arrest the heart is very near that 
needed to send the muscle into systole. Consequently the effect of 
_ alkaline solutions on the heart is generally stated to be stoppage in 
systole. Yet it was pointed out by Gaskell, that occasionally the 
perfusion of an alkaline solution stopped the frog’s heart in ‘diastole and 
only some minutes later did it go into systole. | 

As I have shown elsewhere (1912) these effects of gross alteration — 
in hydrogen ion concentration on the heart may be further analysed 
by comparison with the effects of certain polyvalent ions, Here I shall 
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consider the results of some experiments in which the reaction of the 
perfusion fluid was changed less extensively so that it remained always 
within those limits which permit the heart to continue beating for 
some minutes at all events. Acting on a suggestion made to me by 
Prof. Sörensen I used salts of weak acids to ‘stabilise’ the reaction of 
my solutions. The whole question of the mode of action of such 
substances in regulating hydrogen ion concentration has been most 
lucidly explained by Sörensen (1909) and by Henderson (1908). 
The ‘buffers’ naturally present in the blood, phosphates and carbon- 
ates, I avoided as a rule for special reasons which need not be discussed 
at this stage. In general I used borates and acetates. Mixtures were 
prepared containing each the proper concentration of calcium, potassium 
and sodium chlorides, and equal amounts of boric acid and sodium 
acetate. One of these mixtures was rendered strongly alkaline with 
soda, the other strongly acid with hydrochloric acid. 


For example: 
Stock solution 1 Stock solution 2 
M/10 400 NaOH M/10 400 


Borie acid M/10 100 0.0. 
Sod. acetate M/10 100 . 0. 


CaCl, M/10 40 0. o. 
KCl M/10 60 0. o. 
NaCl M/8 to 2000 0.0. 


From such a pair of solutions it is easy to prepare a mixture of the 
desired hydrogen ion concentration by the following device. One of 
the Sörensen standard mixtures of the required Cy. is taken, and a 
definite amount of an indicator added, the indicator selected being of 
course in the proper range. 10 c.c. of solution 1 are taken in a test tube 
of the same bore as the tube containing the standard: the same concen- 
tration of the indicator is added. 10 cc. of solution 2 are taken, the 
same concentration of the same indicator added and the solution placed 
in a small burette. Solution 2 is then run into the test tube containing 
solution 1 until the mixture of 1 and 2 matches the Sörensen standard. 
It is thus determined in what proportions the stock solutions must be 
mixed. With the above mixtures the proportions were as follows: 


Amount of 1 Amount of 2 Cy: 
+ 10 1855 
9°85 + 10 10°* 
10 10 
10 + 9°7 
10 + 8°6 10-5 
10 6˙8 
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These values were used only as rough indications of the proportions 
in which the solutions should be mixed. In each experiment deter- 
minations were made on the actual mixtures used, by Sorensen 8 
method. 

Control experiments showed that the hydrogen ion concentration of 
mixtures of this type was not appreciably changed by one passage 
through the frog's heart. It is quite otherwise when approximately | 
neutral solutions containing no ‘ buffers’ are perfused. It is true that 
such mixtures differ in the concentration of sodium ions and of chlorine 
ions. But these constituents are present in very large amount in every 
case, in comparison with which the differences are trivial. It is 

_ theoretically impossible to have two solutions at the same temperature 
differing in hydrogen (and hydroxyl) ion concentration only; this would 
mean an alteration in the dissociation constant of water. But by the 
use of different solutions we can change the equilibria immediately’ 

dependent on the hydrogen ion concentration in different cases, and 
thus distinguish between effects due to the influence on hydrogen ion 
concentration on the composition of the fluid in other respects, and 
those due directly to the altered hydrogen ion concentration of the 
solution brought in contact with the living tissue. Indirect effects 
cannot be eliminated except by elaborate series of experiments; yet 
there are some serious instances which can be avoided. For example 
if we are going to study the effects on the heart by diminishing the 
hydrogen ion concentration of solutions containing calcium, it will be 
unwise to use solutions containing carbonates. For as the alkalinity — 
of the solution increases calcium carbonate will be thrown out, and thus 
the composition of the fluid with respect to a most significant constituent 
for the activity of the heart will be modified. Experiment confirms 
the operation of this factor. It does not enter when using the borate- 
acetate Ringer solutions within the limits observed in this paper. In 
some experiments, acting on a suggestion given by Clark (1912), 
I replaced a part of the sodium chloride in the solution by a 7% 
solution of cane sugar. 

When the Cy. of the perfusion fluid is changed to a relatively lanai 
extent, the resulting changes in the behaviour of the heart are manifested 
gradually. It takes a long while for equilibrium to be attained. In 
order to appreciate the course of such changes, the records taken at 
intervals of a minute or two must be measured and the results plotted 
against the time. As a rule, three or four beats were recorded on the 
rapidly moving paper on each occasion. The measurements made on 


. 
| 
‘See 
— 
A: 
* 
ata 
72 
re. 
‘ 
‘ 
ais 
3 
| 
E. 
Ag 
* 
a 
4 
4 
— 


ELECTROLYTES ON HEART 219 


successive beats in the same tracing showed, with few ‘exceptions, very 
close concordance. 

Fig. 22 shows an instance where perfusion for over 20 minutes with 
a neutral solution Cy. 10-7 produced no change in the duration of the 
electrical response, There was a slight slowing of the heart during this 
time and a distinct lengthening of the electrical A-V interval. Change 
to an alkaline solution 10-, caused a temporary slight acceleration 
and then marked slowing. The duration of the ventricle electrogram 
diminished, and the electrical A-V interval diminished slightly, After 


f 


Duration 


hearl 


— — — — — — — 


7 


Cy 10? | cy 
4 1 : 1 1 1 1 1 1 
go’ 40 go" 60" 
Fig. 22. 


20 mins. perfusion with the alkaline solution, a change to a solution on 
the acid side Cu. 10-** caused acceleration of the rhythm at first, 
slight alteration in the duration of the ventricular electrogram and 
a very pronounced lengthening of the A-V interval. After about 9 mins. 
Be the heart stopped. An alkaline solution restored the beat, which at 
first was slow, but soon got quicker. The duration of the A-v interval 
was steadily reduced but at the end of the experiment it had not quite 
returned to the value it had when the heart was perfused with the 
solution of Cx. 10-* for the first time. 

The very large effect on the A-v interval has been noticed in 
numerous experiments. In every case in which two solutions have 
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been used of hydrogen jon concentration within the limits where 
function is possible, the heart in equilibrium with the more alkaline 
solution has shown an AV interval distinctly shorter than when it is in 
equilibrium with the more acid solution. 

The effect of a change in Cy. is often well marked within a sad 3 
minutes. For instance: 


When the heart has been perfused with a solution near the acid 
limit for a long time, the a-v interval may become very long, e. g., 
1°5 secs, or even more. If the rhythm of the sinus is not arrested, and if 
beats continue to get through to the auricle it is observed that further 
prolongation of the A-V interval leads to heart block, at first partial and 
then complete. Perfusion with an alkaline solution quickly removes 
the block and then steadily reduces the A-V interval. 

The interval between the beginning of the electrical response and 
the beginning of the mechanical response in the ventricle appears to 
follow the same course as the A-V interval in all experiments where 
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| both these factors have been measured. This point is een in 


Fig. 24. It will be discussed later. 
Fig. 23 shows a case in which the same change: of environment 
caused very marked lengthening of the mechanical response and short- 


‘ening of the electrical response in the ventricle. It is seen from the 


figure that 19 mins. perfusion with a solution of Cg. 10 caused 
practically no change in the duration of the cycle, in the duration of the 
electrical response of the ventricle or in the interval between this and 
the beginning of the mechanical response. There was a slight increase 
in the duration of the mechanical response. It would seem that this 


solution was not very far removed in its properties as a perfusion fluid 


from the frog’s blood. Changing to a markedly alkaline mixture 


Cn. 10 caused slowing of the heart and increase in the duration 


of the mechanical response of the ventricle. But the duration of the 
electrical response was reduced. The interval between the beginning 
of the electrical and that of the mechanical response was reduced to less 
than half its original value. Return to the solution of Cy. 10- was 
followed by the gradual return of these four factors to something near 
their original values. This eliminates progressive changes due to 
uncontrolled factors in the tissue in a satisfactory way. 

Fig. 24 shows the results of a more prolonged experiment. Here 
perfusion was started with an acid solution. Change to the alkaline 
solution caused, as usual, diminution of the A-V interval and of the 
interval between the beginning of the electrical and mechanical responses. 
As in the last experiment it caused lengthening of the mechanical 
response and shortening of the electrical response of the ventricle. It 
also produced increase in the height of the ventricular contraction. 

It must be noted that the lines connecting the points marked in 
this and other figures are put in for convenience in following the points. 
They are not to be taken as necessarily representing the condition of 


affairs at periods between the points. The effect of prolonged treat- 


ment with a solution near the acid limit is well seen in the next part of 
this experiment. The A-v and ‘elect.-mech.’ intervals become greatly 
lengthened, the duration of the mech. and elect. responses of the ventricle, 


art first reduced, become longer, the mechanical response of the ventricle 


is reduced in height, and the duration of the complete cycle is markedly 
increased. Prolonged treatment with the alkaline solution reverses 
completely the effects of the acid solution gn the A-V interval and the 
‘elect.-mech,’ interval; it increases the height of the contraction, 
reduces the duration of the electric response, but after a primary 
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reduction, it increases the duration of the mechanical response. It is 

interesting to compare the effects of the acid solution on the heart after 

prolonged treatment with the alkaline solution with the effects produced 
after the short treatment. A marked discrepancy appears only in the 


effect on the rhythm. | 
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The comparison of the height of contraction in two different solu- 
tions, one of which is markedly alkaline, is not satisfactory, because in 
the alkaline solution the increase of tone means that the degree of 
relaxation is influenced largely by the tension placed on the heart. It 
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would of course be preferable to have records of the tension set up in 
the muscle: but Iam unable at present to see any way of registering 
this without sacrificing some of the great advantages of the free perfusion 
method. Fig. 25 shows the progressive change in the rhythm, height 
of contraction, duration of electric response and a-v interval of a heart 
perfused with a solution on the acid side of the optimum but well 


Fig. 25. Large black circles - duration of cycle. Small black circles=A-V interval, elect. 
Crosses=duration of ventricle electrogram. Black squares=height of ventricular 
contraction (arbitrary scale). Further description in tent. 


within the limits which permit of long continued activity. The beats 
become less frequent, they become weaker, the duration of the electric 
response is diminished while the A-V interval is increased. All these 
changes except that of the rhythm are immediately reversed on changing 
to the more alkaline solution. It is clear then that the change in 
rhythm is not the determining cause, in this instance, of the other 
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changes. I shall discuss the influence of the frequency of beat on the 


character of the individual beats in another place. The figures presented 


in this and in the following section show that in the heart beating 
spontaneously no simple statement of a relation between frequency and 
other factors in cardiac activity under the various conditions here 
described is possible. | 


INFLUENCE OF THE CONCENTRATION OF CALCIUM IONS. 


Since Ringer's discovery of the peculiar importance of calcium 
salts for the activity of the heart, perhaps the most interesting observa- 


tion in connexion with this subject is that of Locke and Rosenheim 


(1907). In the course of their work on the consumption of dextrose by 


the excised mammalian heart they found that a heart brought to rest — 
by perfusion with a solution devoid of calcium, consumed sugar at a rate 


scarcely inferior to that of a normally beating heart. Locke made the 


further very significant discovery that in the mammalian heart without 


calcium, the spontanéous action current (observed with the capillary 
electrometer) remained strong, long after the mechanical beat had 
become minimal. Locke concluded that “calcium is necessary for the 


conversion of the heart's chemical energy into the mechanical energy of 


its beat.” 
My experiments entirely confirm Locke’s observation roganding the 
dissociation of the electrical and mechanical responses of heart muscle. 


Noyons (1908) has shown the possibility of dissociating the 


mechanical from the electrical response by various poisons. 
In numerous experiments I have seen the heart-beat reduced to 


much less than 1% of its original strength while the electrical response 


remains vigorous—very often not reduced in extent at all. 


Occasionally I have seen the heart, perfused with a calcium-free — 
solution, brought into a condition in which no movement whatever was 


perceptible on the most careful examination, while the galvanometer 
showed strong regular deflections of the same general form as the 
ordinary electrogram and no smaller. This I noted in two or three 
early experiments, but in many subsequent experiments I observed that 
though there was an enormous reduction in the mechanical response as 
compared with the electrical response, yet some mechanical movement 
remained, especially in the auricle—movement too weak to affect the 
delicate levers used, yet perceptible if the light was suitably arranged 
so that reflections from its surface could be examined. These observa- 


tions made me doubt whether my examination of the heart in the 
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earlier experiments, in which I had considered the abolition of movement 
to be complete, had been sufficiently thorough: moreover, certain theoreti- 
cal considerations led me to think it probable that a certain mechanical 
movement always persisted. Under these circumstances, I attach 


_ peculiar importance to one of the last experiments on which this paper 


is based. The experiment was satisfactory from the point of view of 
technique. Removal of calcium reduced the mechanical response, but 
not the electrical; for some time the movements of the auricle and 
ventricle remained distinct though slight, then the movements of the 
auricle only could be seen; but later, the most careful examination 
I could make, lighting the heart in different ways and observing it 
from all points of view, failed to show me when the beats occurred: 
yet the galvanometer showed large and perfectly. rhythmical deflections’. 
It may be objected, of course, that some internal portions of the 
musculature were even in this case still contracting. Such movements, 
if they existed, must have been extremely feeble to communicate no 
perceptible displacement to the surface, Moreover the suggestion does 
not seem altogether probable for another reason. The weakening of 
the beat is the result of the removal of calcium. The exterior of the 
heart, the region which we can best observe, is, in the method employed, 
the region least in contact with the perfusion fluid. The internal parts 
are much better placed to secure complete washing out. It is to be 
expected, then, that the movements of the internal portions of the 
muscle will be even feebler than the movements of the superficial parts. 
Although the electric response of the heart usually remains strong 
after removal of calcium from the perfusion fluid, provided the other 
conditions in the perfusion fluid are favourable (and in particular that 
an alkaline reaction is maintained), the electrocardiogram is not un- 


affected. Leontowitsch (1912) states that the form of the electrogram 


of the frog’s heart is affected in various ways by alteration in the 
calcium concentration. Unfortunately the description of his methods 


is insufficient to allow of comparisén between his results and mine. In 


spite of a sensitivity of the galvanometer over 100 times greater than 
that which I found it necessary to employ, Leontowitsch found that 
sometimes records of the normal frog’s heart gave him no P (auricular) 
or R (first ventricular) waves. 

Removal of Ca from the perfusion fluid, resulting in abolition of the © 


I The electrical variation due to the auricles is nearly always reduced on removal of Ca. 
This is certainly largely, if not entirely, due to their much increased distension and the 
consequent short-circuiting of current through the fluid. 
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mechanical response, does not necessarily alter the form of the final 
ventricular variation. In some instances, during perfusion with these 
solutions there has been change in the character of this very variable 
part of the electrogram; but I have seen no definite correlation, even in 
individual experiments, such as appeared in some instances where the 
factor varied was the hydrogen ion concentration. 

An interesting and constant change produced i in the electrogram by 
removal of calcium is a marked increase in the interval between the 
initial auricular and ventricular variations. My friend Dr A. J. Clark 
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Fig. 26. Large black cireles - 3 duration of cycle. Small black circles=A-V interval. 
Crosses = duration of ventricle electrogram. Large clear circles= height of ventricular 
contraction (arbitrary scale). Temp. =13°2°. O,- 10-7-7. 


drew my attention to the fact that in a heart perfused with a calcium - 
free solution, mechanical records of auricle and ventricle showed a 
marked increase of the interval between them. My experiments 
confirm this observation and show further that the increased mechanical 
Av interval is compounded of (1) an increase in the interval between 
the excitation of the auricle and that of the ventricle, (2) an increase 
in the time lost between the excitation of the ventricle and the 
appearance of its mechanical response, 
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Fig. 27. The points represent, reading from above downwards at the start, 3 duration of 
cpyole, duration of electric response of ventricle, height of ventricular contraction 
recorded (mm. scale on right) and A-V interval (electr.). At 0, solution containing 
no calcium, at Mg and Sr solutions containing 002 M Mg or Sr instead of Ca. All 
solutions of Cy. 10-*8. Temp.=14°C. 
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I find also that with the heart in this condition where the beats, 
though enfeebled, still remain, that the latent period of the mechanical 
response to electrical excitation of the ventricle is notably increased. 
The relation of the A-V interval to the calcium concentration appears 
only when the latter is very much reduced. The Ca concentration 
may be varied from, e. 9., 008 M to 001 M without producing any but 
trivial effects on the (electrical) AV interval. But on complete removal 
of Ca from the perfusion fluid the interval begins to increase almost at 
once. After some time (eg., in 15 or 30 mins.) the interval may be 
doubled. I have sometimes seen partial block follow (ef. p. 233). The 
restoration of Ca to the perfusion fluid results in the very prompt reduc- 
tion of the A—V interval to its original value. 

Removal of calcium tends to lengthen the duration of the ventricular 
complex of the electrogram. As may be seen from Figs. 26 and 27 
this change usually reaches its maximum earlier than the change in the 
Av interval. Prolonged perfusion with the Ca-free solution may result 
in a secondary diminution of the duration of the ventricular complex, 
which, however, generally remains greater than in the heart supplied 
with calcium, and drops abruptly when the calcium is restored. I have 
observed similar changes in the duration of the ventricular complex on 
changing the calcium concentration from 002 M to 001 M or from 
008 M to 002 M and vice versd: the ventricular complex being in 
general rather longer in the solution poorer in calcium. The solutions 
always contained 0025 M KCI. 

It was noticed by Ringer, and I have confirmed the observation 
many times, that removal of calcium from the solution perfusing the 
heart causes at first an increase in the frequency of the beats. In the 
later stages of the washing out of calcium from the heart there is often 
a marked slowing of the rhythm. But provided a certain small 
concentration of calcium is present, other factors remaining the same, 
increase in the concentration of calcium causes slowing of the beat, 
decrease in concentration of calcium causes quickening. 

Reference to Figs. 25 to 28 will show the order of magnitude of 
this effect. Now it may be recalled that in certain cases which have 
been investigated there is a very clear relation between the concentration 
of magnesium and the frequency of the rhythm of the heart. I have 
plotted such relations in certain elasmobranch hearts (1912). The hearts 
of the frog and toad are affected in the same sort of way by magnesium. 
The frequency of the rhythmic impulses arising in the sinus venosus is 

definitely reduced by the addition of a small concentration of magnesium 
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ions to the perfusion fluid. The effect is perfectly reversible“ When 
the concentration of Mg is raised to 01 M or rather more with a 
perfusion fluid of Cy. about 10% the frog’s heart very often stops: 
the stoppage is due to the cessation of the rhythmic impulses, the 
ventricle remains fully excitable and capable of contracting well, and 
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4% 8% 4% jo’ 80’ 
Fig. 28. Points represent, reading from above downwards, duration of cycle, duration of 
mechanical response of ventricle, duration of electr. response of ventricle, AV interval, 

I have drawn attention in a previous paper (1911) to the fact that 

a eee must be drawn between the mode of action of calcium in 

those cases where it can be replaced by magnesium (e.g. skeletal muscle 

as regards its electrical excitability) and those cases where no such 
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replacement i is possible (eg. neuro- muscular junctions). It now appears 
that in a single tissue we may trace by this method of analysis two 
different modes of action of calcium. For while it is very well known 
that so far as the contractile function of cardiac muscle is concerned 
caleium cannot be replaced by magnesium, it would follow from the 
above considerations that in respect of the primary effect of the change 
of concentration of calcium on the frequency of the automatic rhythm 


Fig. 29. x}. 


in the sinus such replacement should be possible. This is in fact the 
case. If instead of changing the calcium containing solution for a 
solution the same in all respects except that it contains no calcium, we 
change to a solution in which the calcium is replaced by an equivalent 
amount of magnesium, the effects of calcium removal on the size of the 
contractions and on the A-V interval make their appearance as usual, 
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but the primary quickening of the rhythm is not observed, So far 


as this particular effect on the rhythm is concerned, calcium is 
replaceable by magnesium. Fig. 27 demonstrates this point very 
clearly. It also shows that the effects of removal of calcium on the 
A- interval and on the duration of the electric response of the ventricle’ 
are not prevented by the introduction of magnesium. An equivalent 
concentration of strontium added to the calcium-free fluid, as Rin ger 
showed (1883), restores the mechanical beat to its full strength. Fig. 27 
shows that it also restores the A-v interval to its normal value. The 
continued action of this small concentration of strontium leads to 
enormous prolongation both of the electrical and mechanical responses 
of the ventricle’. 

In Fig. 29 three beats are reproduced from the 140 records obtained 
in the experiment plotted in Fig. 27. They show the behaviour of the 
heart in the calcium containing solution, in the calcium-free solution 
and in the strontium solution. The relations between the mechanical 
activity of the heart and the concentration of calcium ions in the 
perfusion fluid suggest that the effect of removal of calcium is the 
dissociation of a calcium compound forming an essential part of the 
mechanism. Since the electrical response remains and the power of 
consuming dextrose (Locke and Rosenheim) it is to be supposed that 
there is still a rhythmic production of lactic acid and probably still 
a rhythmic evolution of heat. The latter point will be tested. 

On the general hypothesis of the muscle contraction grounded on 
the work of Fletcher and Hopkins, which has been outlined by 
A. V. Hill (1913) and by myself (1913), one would say that in the case 
of removal of calcium the contractions fail because the actual contractile 
mechanism which lactic acid in the ordinary course of events plays 
upon is thrown out of gear. The simplest hypothesis embracing the 
observed facts is this. As has been pointed out by Strietmann 
and Fischer (1912) a ‘contractile mechanism’ which will shorten on 
the application of dilute acid need be no more complex (in a macroscopic 
sense) than a series of strands of some colloidal material. If the 
contractile mechanism in the muscle is of this type, it is not at all 
improbable that the contractile material is a calcium salt. If the 

1 The effect of the strontium salt is to prolong the excitation wave without in any way 
reducing its rate of propagation. It will be shown in a subsequent paper that a slow © 
short wave of excitation is characteristic of the heart muscle when in a condition 
favourable for fibrillation or a circulating rhythm which recalls tachycardia. It is 
theoretically probable that the pathological conditions of fibrillation and paroxysmal 
tachycardia would be benefited greatly by injections of strontium salts. 
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tension of calcium in the surrounding fluid is reduced below a certain 
level the calcium compound dissociates, and the residue, which forms 
part of the structure of the muscle no longer, has the property of 


shortening when small concentrations of lactic acid are liberated in 


contact with it. The addition of calcium or of strontium to the fluid 
causes the re- formation of a substance with the requisite property. 
We have seen that the initial effect on the rhythm of altering the 
concentration of calcium is due to a different and less specific property 
of the calcium ion, This is shown by the facts * aide 
regarding the replacement by 7 
magnesium, and still more clearly 
by the forms of the curves ex- 
pressing these relations. These | 
are represented in a purely dia- 
grammatic fashion in Fig. 30. 
In a fature paper I shall give 
data for the more exact working 
out of these relations. 

How are the effects of removal 
of calcium on the A-v interval 
and on the duration of the 
electric response of the ventricle 40 of 
to be accounted for? It must 
be borne in mind that when ig 50. 
the mechanical response of the 
muscle is greatly reduced, still more e it is abolished, the rela 
tions between perfusion fluid and muscle are altered: Not only is 
the rate of flow through the heart cavity reduced, but also the fluid in the 
cavities is no longer mixed with that in the sponge-work of the muscular 
walls by mechanical squeezing. And as regards the finer structure 
of which we know so little for certain, there can at least be no doubt that 
the presence or absence of movement will alter the distribution of the 
metabolites, if these are produced, and there is aie reason to nee. 
in one region or phase rather than another. 

In the absence of movement a new type of equilibeinns must he 
attained in which diffusion is no longer assisted by stirring, At 
present we are not ina position to decide how far this factor is 
responsible for the alterations in the electrocardiogram which result 
from the removal of calcium. I hope to return to the discussion of 


this point after the completion of series of experiments now in hand 
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on the dynamic equilibrium in with 
different rhythms. 

That the intrinsio activity. of re muscle may have a very large 
effect on its subsquent condition when the beats have been cut down 
by the removal of calcium, is shown in an unmistakable way by the 
observation recorded in Fig. 31. Here the duration of the A-V interval 
(elect.) in a series of beats is shown. The auricle was responding 
electrically to the spontaneous sinus excitations at regular intervals of 
366 seconds. The first point plotted shows an A-V interval of 
1˙16 secs.; in the next cycle the interval was 118 secs. while in the 


Fig. 31. 


855 there was no response on the part of the vehicle After the 
double pause the next A-v interval was reduced to less than a second, 
the next, after a single pause, was longer, then again there was a miss, 
and so forth. After three minutes a new equilibrium was attained in 
which every alternate beat got over, and the A-V intervals were of 
equal length, shorter than the long, but longer than the short intervals 
in the preceding example, This type of rhythm was maintained for 
over half an hour and never gave place to complete block. ! 


SumMaRY. 


1 method of taking simultaneous records of the e of 
auricles and ventricles and of the electrical changes in the perfused 
heart of the frog is described. The form of the electrocardiograms 
obtained under experimental conditions is discussed. It is shown that 
the form and sign of the final variation of the ventricular complex 
is dependent on differences in the duration of the excited state in 
different regions, such differences very commonly masking effects such 
as Gotch has described due to differences in the time at which the 
propagated disturbance reaches different regions. : 

The experimental electrocardiogram is chiefly of value in (1) the 
accurate determination of the duration of the cardiac cycle, (2) the 
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measurement of the duration of the excited state in the ventricle, 
(3) measurement of the interval between beginning of excitation in 
auricle and in ventricle, (4) measurement of the rate of propagation 
of the wave of excitation from base to apex (Burdon-Sanderson). 
In conjunction with the mechanical records, information is also obtained 
regarding (5) intervals between beginning of excitation and of contrac- 
tion in auricles and ventricles. 

Experiments on the effects of alteration in concentration of hydrogen 
ions and of calcium ions in the perfusion fluid demonstrate the following 
among other points in the functional analysis of the heart. Mechanical 
movement of the heart may be abolished while regular spontaneous 


electrical variations of normal form and extent continue. The 


duration of the A-v interval may be increased to three times its 
normal value. Such a change is not necessarily associated with any 
slowing of the rate of conduction in the ventricle ; in these experiments 
it has been accompanied by an increase in the interval between the 
beginning of the electrical and of the mechanical response of the muscle 


and by weakening of the mechanical response. The frequency of the 
spontaneous rhythm may be varied over a considerable range by certain 


alterations in the perfusion fluids without changing the A- interval. 

The influence of Ca“ on the heart rhythm is shown to depend on 
a different property of Ca“ from that which determines its relations to 
the mechanical response and to the propagated disturbance. 

If the muscle is in a condition in which the mechanical response is 
possible, the mechanical response in each cycle will not end before the 
electrical. The substitution of strontium for calcium in the perfusion 
fluid for example prolongs greatly the electrical and the mechanical 
responses. But prolongation of the mechanical response may be pro- 
duced by a change (decrease of Cn) which at the same time causes 
shortening of the electrical response. 


I wish to express my sincere thanks to Prof. Langley for the 


special facilities he has granted me in the laboratory and to Miss Dale 
for her valuable assistance in many experiments. 


Part of the expenses of this research have been defrayed by grants from the Govern- 
ment Grant Committee of the Royal Society, for which I would record my gratitude. : 
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Ir is a matter of common kuowledge since the work of Berthelot and 
Péan de St. Gilles (1862) that, if a mixture of ethyl alcohol and 
acetic acid in equimolecular proportions be allowed to stand for a con- 
siderable time, ethyl acetate and water are produced. But however 
long the mixture is left, there is always a part of the alcohol and of the 


acetic acid remaining uncombined. The proportions of the four consti- 


tuents become finally 
4 mol acid + 4 mol alcohol + % mol ester + 3 mol water. 
Moreover, if we mix ethyl acetate and water, also in equimolecular 
proportions, it is found that hydrolysis occurs to a certain degree and 
that when the system has come to rest the relative amounts of the four 
constituents are the same as if we had begun with acetic acid and alcohol. 
The only possible explanation of these facts is that there are two 


reactions proceeding at the same time, one of synthesis and the other 


of hydrolysis. When only ester and water are present, the hydrolytic 
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reaction is clearly the only one that can take place, but, as soon as acid 
and alcohol are formed, the reverse reaction sets in and increases in rate 
by mass action until it becomes double that of the hydrolytic one as 
shown by the position of equilibrium. At this stage, for each molecule 
hydrolysed one is synthesized, since, however long the mixture is left, 
the composition remains the same. 

These reactions, by themselves, are extremely slow, months being 
required for attainment of equilibrium. It is, however, a well-known 


fact that the rate of hydrolysis of an ester can be enormously increased 


by the presence of an acid, so that the reaction is used to determine the 
H' ion concentration of a solution. The reaction, in fact, can be so 
accelerated by acid that no further change occurs after a few hours. 
We have thus quickened the hydrolysis some 700 times, so that, instead 
of being half that of the synthetic one, it has become 350 times as fast. 
If, therefore, the action of the acid were exerted on the hydrolytic 
process alone, the composition of the system in equilibrium must be in 
the proportion of 350 mols of acid or alcohol to one of ester. Any 
greater proportion of ester to alcohol than this must be due to 
an acceleration of the synthetic process in addition. In point 
of fact, it is actually found that the equilibrium point is very little, if 
at all, changed. The synthetic process is therefore accelerated by the 
same catalyst which acts on the hydrolytic one. Direct experiments 


have, moreover, shown this to be the case; the action of acid, in fact, is 


used as a routine method of esterification. 
For the purpose of the present paper, it does not concern us to 
discuss the question as to the necessity of the equilibrium position 


being the same under the action of any one catalyst as under that of 


another, or without the presence of any catalyst. Theoretically, it 
seems necessary that, unless the catalyst in some way adds energy to 
the reaction, this must be the case. But, at the same time, the energy 
required for a slight change i in the equilibrium point may be very small, 
owing to the reactions in question being nearly thermo-neutral: when 
the catalyst forms a separate phase, as in enzyme actions, surface energy 
may be a sufficient source of the energy. However this may be, if 
a catalyst, added to a reversible system, where the uncatalyzed reactions 
are very slow, brings the reaction to a close anywhere but at either 
extreme end, it must accelerate both the hydrolysis and the — 
although not necessarily both equally. 

It is. generally agreed that enzymes are catalysts, indeed it is im- 


Possible to explain their action in any other way. All reactions acted 
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on by them are reversible, at all events all those dealt with in the 
present paper. Therefore, the same enzyme must act both hydrolyti- 
cally and synthetically, unless it brings the reaction to completion in a 
one direction or the other. An excellent account of the theory of which 1 
a short summary has been given above will be found in Herzog : 
(1910, pp. 192-198). The question is a fundamental one in the theory 
of enzymes, so that it is a matter of some importance to test thoroughly 
certain facts that have been brought forward during the last few years 
by various observers, which facts are regarded by some as showing the 
existence of enzymes which synthesize but which do not ere 8875 
of others which hydrolyze only. 

The point of view taken in the preceding: paragraphs is b 
that of Van’t Hoff (1898) and is shown in the valuable work on the 
synthetic action of enzymes on which he was engaged in the last . 
of his life. 

The supposed synthetic action ot anti-emulsin was dealt with in 

a previous paper (1912) and shown to be based on an incorrect inter- 
pretation of experimental results. 

In the present paper, after description of the phsnomens to 8 
observed in a typical reversible reaction catalyzed by an enzyme, some 
of the evidence adduced in favour of separate synthetic enzymes will be 
subjected to an experimental criticism and, in connection therewith, the 1 
question as to enzymes not obeying the property of catalysts in so far as 5 
there sometimes appears to be a quantitative relation between the q 
amount of enzyme and the work done by it. 3 

At the outset, I must protest against the invention by Ruler (1911) 9 
of a name for “synthetic” enzymes. It would surely have been time to 
give them a name when more convincing evidence had been brought 
forward as to their existence. In any case, the termination “ese,” as 
expressing synthesis, is by no means a satisfactory one; in its German 
pronunciation it is much too near the English “ase” to avoid much 
confusion. As I shall show in the = there is, ousting no . 
for a name of this kind at all. 


I. Synthesis und hydrolysis of glycerol-glucoside by 5 a true a 

| equilibrium in a reversible reaction. j 
In the course of my work on anti-emulsin, I came across the fact 

that emulsin readily produces the formation of a glucoside of glycerol, — 
when acting on a fairly concentrated solution of glucose in glycerol. 
This reaction has been described as a class exercise in the Proc. 
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Physiol. Soc. (1913). Subsequently my attention was called by Dr 
E. F. Armstrong to the fact that the feaction had been already described 
by Van't Hoff (1910, p. 968). It seemed to me that this reaction 
presented many advantages for the study of the synthetic aspect of 
enzyme action. It proceeds rapidly, compared with Croft Hill's maltase 
(1898) for example, being completed in about 10-12 days. It takes 
place in a system which is not coarsely heterogeneous, but merely 
micro- heterogeneous, in the sense that one of the components, emulsin, 
is in the colloidal state. In this respect it has advantages over the 
lipase reaction of Dietz (1907), which requires continuous shaking to 
obtain results devoid of irregularity. The constituents also are such as 
to have no injurious action on the enzyme. 

The reaction itself is a simple one, one molecule of glycerol satis 
with one molecule of glucose, with elimination of water; no secondary 
reactions take place. Since there are two glucosides, optically isomeric, 


formed from a and g- glucose respectively, and, of these, only the B- 


glucoside is hydrolyzed, at all events with any degree of rapidity, by 
emulsin, opportunity is given of testing whether the same optical isomer 
is synthesized as that hydrolyzed. 

Optimal conditions. In this respect my results confirm those of 
Van't Hoff. The rate of synthesis was found to be maximal in a 
solution containing glucose hydrate, glycerol and water in the proportion 
of 2:4: 1. A convenient mixture to take is: glucose (anhydrous) 18, 
water 12, glycerol 40, emulsin 3, all by weight. 

The enzyme used in my experiments was chiefly that of Schuchardt. 
Preparations from Kahlbaum, Merck, and Hopkin and Williams 
were also used in some experiments. No obvious difference was noticed, 
except that Schuchardt’s seemed to be slightly more active. 7 

As regards temperature, it is advisable to use a thermostat at 45-47, 
in order to accelerate the attainment of equilibrium. At this tempera- 
ture, the end is practically reached in 12-14 days, although 4 very slow 
reaction still proceeds. The real equilibrium is, of course, only reached 
asymptotically. At room temperature, no effect was obtained in 
11 days. 

The course of the reaction can be followed either by the polarimeter | 
or by the reduction of alkaline copper solutions, since the glucoside has 
no reducing power. A sample is taken from the main mass, weighed in 
a tared 50 c.c. flask, or taken in a pipette, whose content is accurately 
known, the sample being washed out with water. A drop or two of 
alkali is added to obviate possible bi-rotation, mercuric acetate added to 
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precipitate any proteins introduced with the enzyme, and filled up to 


the mark with water. After filtration, this solution can be used directly 


to determine the rotation. This rotation diminishes steadily and 


finally passes to the-laevo-side of zero, so that one question is answered 
at once. It is the B- glucoside that is formed, the same one as that 
hydrolyzed. 

For the purpose of estimating the glucose left free, 40 c.c. of the 
above solution containing excess of mercury salt is made alkaline with 
sodium hydroxide, filtered, and the small quantity of mercury remaining 
is precipitated by sulphuretted hydrogen in a known volume of the 
solution. This is treated with copper sulphate to remove the sulphur- 
etted hydrogen and to throw down the colloidal mercuric sulphide and 
finally made up to 50 c.c. and the glucose estimated in an appropriate 


volume by the method of Bertrand. Since the glucoside has no 


copper reducing power, the method is simple. 


Exe. 1. 20 grms. glucose anhydrous, 42 grins. glycerol, 12 ¢.c. water, rubbed with 
ee placed in thermostat at 47°. 


Date Rotation in diluted sample Glucose per cent. 
Feb. 7th 2.50 p.m. 2°-88 83°5 
„ 8th 2pm. 2°*64 38-4 

„ 10th 9.30 a. m. 1˙58 16°75 

„ 12th 10 a m. oss — 

„ 14th 9.40 a.m. 0°37 — 

„ 16th 12.80 0-13 — 

» 19th 10 a. m. 0-06 — 

„ 23rd 11 a.m. ~0°16 — 


It will be noted that after the 19th, ic. after 11°8 days, the change 
was very slow. At this date, 65 % of the glucose was converted into 
glucoside and on the 23rd this had only increased to 67%. This corre- 
sponds closely with the value found by Van’t Hoff. 

As it was found that the glucose values always corresponded with 
those of the polarimeter, most experiments were made with the latter 
alone, since it seemed more important to make use of the time at my 
disposal in making a greater number of experiments. In certain cases, 
glucose estimations were necessary. 


Equilibrium position the same from both ends. In some cases o 


synthesis by enzymes, previous observers have found this to be the case. 
Croft Hill (1898) with maltase, Diets (1907) with lipase and 
Bourquelot and Bridel with emulsin (1912) on alkyl glucosides, in 
experiments to be referred to later, may be mentioned. As the result 
is a fundamental one in respect to the genuine nature of the equilibrium, 
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it seemed necessary to test it carefully in the case before us. This was 
done by taking first the hydrolytic reaction. Owing to difficulties in 
the preparation of the glucoside in its pure state (see later), the products 
of a previous synthetic reaction were first fermented with a pure culture 


ol yeast to remove the glucose. A portion of the glycerol was extracted 


by dissolving in alcohol and fractional precipitation with ether, accord- 
ing to the method of Fischer and Beensch (1894). The product was 
dried over sulphuric acid in vacuo and its actual content in the glucoside 
was determined by hydrolysis with acid and estimation of the glucose 
formed, controlled by polarimeter measurements, as the rotatory power 
of the glucoside had been previously estimated. 

Exp. 2. In a particular case, the preparation contained 21-4 % of glucoside. 29-2 
grms. of this solution of the glucoside in glycerol were rubbed up with 1˙6 grm. of 
emulsin and 6°72 grms. water and placed in the thermostat at 47°. Samples taken as 


: Rotation Glucose in sample diluted 
Initial estimation ~ 1°39 0-0675 % 
After 1 day —0°-93 0-199 
„ 8 days — 0°-66 90312 
0°30 0˙58 
—0⁵˙25 0°589 


At the end, the glycerol content was also controlled by conversion into triacetin and 
found to be 55 % by weight. 

When these figures are plotted in a curve (Fig. 1, lower curve) the 
equilibrium position is seen to be about 0°22. 

In the complementary synthetic experiment, amounts of glucose, 
glycerol, water and enzyme, corresponding to the glucoside solution of 
the hydrolytic experiment, were taken as follows :— 


Glucose 8°204 grms. Water 7907 grms. 
Glycerol $1°830__—,,. Emulsin 2-1 
The experiment was performed in the same way. The readings were: 
Initial value +1°-91 
After 24 hours +1%84 
„ 8 days + 
6 ” +0°°03 
» 13 „ ~ 0°19 
~ 0°21 


A glance at the upper curve in Fig. 1 will suffice to ioe that it is 
making for the same equilibrium point (- O22) as the curve of 


In the first synthetic experiment performed to correspond with the hydrolytic one, it 
was clear from the curve that the equilibrium point was by no means at — 022, but nearly 
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at G1. On recaleulating the concentration of the constituents, I found that, by an 
arithmetical error, I had taken only 7:4 grms. of glucose, instead of 82, as it should have 
been, that is about 10 % too little. The result, however, although useless to compare 
with the hydrolytic experiment, helps to confirm the genuine nature of the equilibrium. 


This equilibrium position is defined by the relative rates of the two 
reactions in opposite directions, as well as by the proportion of the 
constituents, In my experiments, the percentage of glucose combined 
as glucoside was usually 66-67 /, corresponding to an equilibrium 
constant of 2. Van't Hoff (1910, p. 969) found a rather higher value, 
2˙6. The velocities of the reactions can be obtained from the curves by 


+2” 


6 


Fig. 1. Synthesis and hydrolysis of glycerol glucoside by emulsin. The initial com- 
position of each solution being chosen so that it was equivalent to that of the 
other as regards total content in glycerol, glucose, water and emulsin. Abscisse, 
time in days. Ordinates, rotation of samples equally diluted. Upper curve, synthesis. 
Lower curve, hydrolysis. | 


taking the tangent of the angle made by the geometrical tangent te the 


curves at the same period of the reaction with the axis of abscisss. 
In this way, the ratio of the rate of synthesis to that of hydrolysis (the 
equilibrium constant), at the end of the third day, comes out as 2:11, 
a satisfactory agreement. | 

By taking the velocity constants from the curves, it might perhaps 
be supposed that we are only measuring the same thing as the final 
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relative position of the two curves, since it is obvious that the mean 


velocities of the two reactions must be inversely proportional to the 
positions arrived at after equal intervals of time. This is not so. We 


bave taken the slope of the curves at a particular time when the 


reaction was about half completed, and it does not necessarily follow 
that the two curves obey the same law throughout; to take an extreme 
case, one might be a parabola and the other a straight line and yet 
arrive ultimately at the same point. The experimental fact that they 
obey the same law is evidence that only one catalyst is at work, a question 


to be considered later. To put it in another way, we find that when 


the hydrolytic reaction has been half completed, the synthetic one is 
also half completed and so on. This would pe extremely unlikely if two 
separate enzymes were at work. 

I have not thought it worth while to calculate the actual velocity 
constants from a formula based on mass-action, such as the uni-molecular 
one, since we do not yet know the complete formula expressing the 
velocity of reaction in the case of emulsin. 

Influence of water. The law of mass-action tells us that 

glucose x glycerol = K (glucoside x water) ä 
and we see at once that increase of concentration of water necessitates 
a diminution of that of the glucoside, a familiar fact in the case of the 
esters. 

When the components of a reversible reaction, with the exception of 
water, are all solid, as in the case of glucose, hydroquinone and arbutin, 


the addition of sufficient water to form a liquid system is very unfavour- 
able to the existence of a synthetic product in the system. It was in 


attempting to get over this difficulty by using glycerol instead of water, 
that I came across the formation of the glucoside of glycerol. It is 
interesting that Bourquelot and Bride] (1912), using alcohol for the 
same purpose, found that ethyl-glucoside was formed by emulsin. In 
neither case could any perceptible — of arbutin or similar 
glucoside be detected. 

I have already stated that the ‘tition’ rate of synthesis of the 


glycerol-glucoside is when the ratio of glycerol to water is about 4 to 1; 


but this does not mean that in equilibrium the amount of glucoside 
cannot be increased by increase of the proportion of — to water. 
The following experiments were made to test this. : 

Exr. 8. WH 
attainment of equilibrium had a rotation, in dilution of 2 ¢.c. to 25, of - 0°25. Another 
2 0. 0. were diluted with water to 25 0. o. and a third with 77 % glycerol. er 
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7 dn ‘The one diluted with water had changed its equilibriam position in the direction 
of hydrolysis, so that its rotation was +0°-34, while the other one, in which the glycerol 
content had been increased, had undergone further synthesis to a rotation of — 0°62. 


Exp. 4. When the proportion of water is less than that of 6 to 21 of glycerol, the 
actual velocity of the reaction is slower, owing no doubt to increased viscosity, but when 
equilibrium is finally reached, it is found that more glucoside has been formed, as the 
law of mass-action would predict, Two similar preparations were made, but the first 
contained 6 grms. of water to 21 of glycerol, while the second 3 grms. of the water were 
replaced by an equal volume of glycerol. The rotation of the first diminished by 1°41 in 
the first 8 days, while that of the second had only fallen by 0°-73. In 23 days, the first 
had apparently reached equilibrium with a rotation of - O14, while the other had passed 
it and fallen to —0°-37. Fig. 2 shows the curves of these two experiments and is given 
to show the caution required in comparing rates of action. | re 
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| 
17 


Fig. 2, Curves illustrating effect of increased glycerol content. 
A contains less percentage of glycerol than B. 


The following numbers will serve to show the effect of larger propor- | 


tions of water, the experiments being made in a similar way to the last. 


It will be seen that there is a perceptible amount of synthesis even in 


23% glycerol. 
ae * Glycerol %% Rotation fell from 4°18 to 
| 88°5 2°-28 
23 „„ 


These examples will serve to show that, as far as concerns water 


and glycerol, the reaction follows the law of mass-action without any 


disturbing anomalies, | 
Concentration of glucose. When the concentration of glucose was 
taken as the only variable, a result was obtained which at first seemed 
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pusaling. Three flasks were supplied each with the following mixture 


(Exp. 6) glycerol 21, water 6, emulsin 15, but in A there were in 
addition 32˙5 % glucose; in B, 1625 %; in C,8125%,. The velocity of 
synthesis was found to be in proportion to the concentration of glucose, 
but not in linear relation, a fact frequently met with in enzyme 
actions. Although O had the lowest velocity, it arrived at equilibrium 
first, and was followed in turn by B and A. If the polarimeter 
readings alone had been taken, it would have been supposed that the 
equilibrium position was the same in all, because these readings were 
all practically zero (— 0°01). The explanation was clear when glucose 
estimations were made. The ratio of glucose to glucoside was found 
to be the same in all, so that although the velocity of the reaction 
was not in linear proportion to the concentration of glucose, the 
actual amount of change in equilibrium was so. But, by a curious 
coincidence, the composition of the original solutions in water and 
glycerol was such that the degree of synthesis, viz. 18˙2 of glucoside to 
143 of glucose, is almost exactly in inverse ratio to the rotations of 
glucose and of glucoside (+ 52°°5 and —38° respectively). It is plain 
that any absolute quantities in these proportions will have zero rotation. 
The method of determination of the specific rotatory power of the 
glucoside will be described later. | 

Concentration of enzyme. If emulsin behaves as a typical catalyst, 
the position of equilibrium should be identical in similar concentrations 
of substrate, whatever the amount of enzyme present. The velocity 
will, of course, be in proportion to the amount of catalyst. For reasons 
to be explained later, it is not admissible to take very small amounts 
of enzyme, as they are destroyed before the attainment of equilibrium. 

The curves of Fig. 3 show the course of the reaction when the 
concentration of the enzyme varies in the ratio of 1:4: 12. 

It will be seen that the upper curve (enzyme concentration = 1) 
has not quite reached equilibrium at the end of the experiment, but is 
obviously going to the same place as that which the other two have 
already reached. 

The experiment also shows the fact, usual in enzyme action, that 


the velocities are not in linear proportion to the concentration of the 


enzyme, but that the smaller concentrations are relatively more active. 
The velocities in fact are as 1:36:63. The simplest explanation of 


this fact is that the activity of the enzyme is proportional to the. 


amount of adsorption between it and the substrate in existence at any 
moment. 
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Another fact showing that emulsin bebaves as a true catalyst i in not 


torming part of the final equilibrium is that when more of it is added 

to a mixture already in equilibrium, no further change results. 

Ex. 7. To about 10 grins. of a preparation which had been under the influence of 

4% emulsin for three weeks and had come to rest with a rotation of- ~0°-25, another 

0-6 grm. emulsin was added, making 9 % in all. ee 

change could be detected. | 


Sat 


0% ＋ 

\ 

0-2 N 
0 — 


Fig. 8. Effect ot concentration of enzyme. Upper eure with one-fourth the amount of 
the middle curve, and one-twelfth the amount of the lowest curve. 


I. The enzyme takes no part in the equilibrium nor is there any 


relation te eye andthe product of 


its activity. 


The experiments above described afford no support to the view put 
forward by some investigators that enzymes are not true catalysts in 
that there is a quantitative relationship between the concentration of 
the enzyme and the amount of products formed. Tammann is some- 
times quoted as being of this opinion, but after careful reading of his 
papers (1889, 1892 and 1895) I can find no satisfactory evidence either 
in support of the view itself or indeed that Tammann himself held it. 
Since his papers contain a large amount of valuable experimental work 


and are frequently referred to on this account, it is necessary to devote 
a few lines to their consideration, so far as they bear on the subject of 
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the present paper, together with some experiments made to test certain 
points. 

The chief evidence brought forward by supporters of the view above 
mentioned is the series of results contained in the tables and curves of 
_ Tammann, from which it would seem at first sight that the total 
change produced by small quantities of enzyme is less than that pro- 
duced by larger. Also there are some effects of rise of er 
dilution, etc. to be considered. 

At the outset, it is to be noted that the interpretation of Tammann’ 8 
results as a false equilibrium, into which the enzyme itself enters as 
a component, is due to later writers on the subject. At the same time, 
we must not forget that Abel (1907) has shown that, when there is 
formation of intermediate compounds between catalyst and substrate, 
as in many cases of inorganic catalysis, a part of these may remain 
undecomposed in the final equilibrium, so that this would appear to be 
different from that in the uncatalyzed reaction and would vary slightly 
according to the amount of the catalyst present. In the case of 
enzymes, where the actual amount of catalyst present is infinitesimal 
compared to the amount of the substrate, it does not seem probable 
that such a phenomenon could play any considerable part. Ifa portion 
of the substrate or products were adsorbed by the enzyme, a certain 
very small effect might also be produced on the position of equilibrium. 

To take the points in order as they come up in Tammanu's 
papers we note 

(1) Emulsin is said to hydrolyze less salicin at temperatures below 
30° than at higher temperatures (1892, p. 285). In the reaction on 
glycerol-glucoside, I have not noticed any effect of temperature on the 
equilibrium position in cases where it was actually reached. Since the 
salicin hydrolysis is practically thermo-neutral, or slightly exothermic 
(Herzog, 1910, p. 203), rise of temperature, by Van’t Hoff's “Principle 
of mobile equilibrium,” would have practically no effect ; if any, it would 
be in the direction of less hydrolysis, or the opposite to the effect 
supposed to have been produced, It seems clear that, in Tammann’s 
experiment, either insufficient time was allowed at the lower temper- 
ature, or the enzyme had ceased to exist before its work was finished. 
It would have been more convincing to have obtained first the result at 
46 and then cooled to the lower temperature to observe whether any 
change in the equilibrium position was to be seen. 
(2) In the series of numerical data and curves relating to the 


‘degrees of hydrolysis done by varying concentrations of enzyme, we 
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notice at once that it is only in the very small concentrations of enzyme 

that there is any proportionality between the amount of enzyme and 
the amount of hydrolysis. It is just in such cases that the experimental 

difficulties are the greatest. There are three special causes of error to 
be guarded against : 

(i) Spontaneous destruction of the enzyme and its paralysis i 

the products of the reaction. These were thoroughly investigated by 
Tammann himself and in certain cases he notes that at the end of the 

reaction, there was no active enzyme present. I have myself made an 
experiment on the hydrolysis of glycerol-glucoside from this point of 
view. 

Exp. 8. A solution containing 2-25 % of the glucoside was divided into two parts, 
one was made to contain 0°125 % of emulsin; the other 00126 %, and both kept at 46°. 
The first showed after 13 days a hydrolysis of 94 %; the second, one of 13 % only, which 
had reached this point on the 7th day and did not increase subsequently, so that it might 
have been supposed to be in equilibrium, In order to see whether this latter still con- 

~ tained active enzyme, it was concentrated under reduced pressure at 45° to one-tenth of 4 
its bulk, so that any enzyme present should have the most favourable conditions. The 4 
whole was then placed in the thermostat for three days and at the end the glucose present 
was unaltered. The solution was also found to have no action on amygdalin. The 
enzyme was completely destroyed before the reaction had time to proceed more than a 
short distance. A control experiment was made to see whether this process of concentra- 
tion had a deleterious effect on emulsin, if present, but none was detected. 5 

I am inclined to think that Tammann intended that a similar 
interpretation should be put on his experiments, viz. that the reaction 

_ ceased because the enzyme had either spontaneously disappeared or had 
been paralysed by the products of its activity, since these effects are the 
chief matters with which the paper is occupied. But, since a different 
interpretation has been put on them by other workers it is necessary to i 
refer briefly to two other circumstances which make them of little or no i 
value as cases of equilibrium. 

(i) The extreme slowness of the rate of the reaction in the later 
stages with low concentration of enzyme. Most of Tammann’s experi- 
ments were assumed to have come to an equilibrium if no further 
change was to be detected in six hours. This is insufficient and in the 
curves it is quite clear that many of them were still rising when the 
last observation was made. 

(iii). The spontaneous course of the reaction, which in so many cases. 
‘goes on very slowly without the presence of enzyme. This fact makes 
it almost impossible to draw conclusions from experiments with. very 
small concentration of enzyme. In some experiments with lipase, which 
were made to test Bradley’s view (1910) that a given amount of lipase 
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will liberate a definite amount of fatty acid from triolein, certain results 
were met with only to be explained as due to continuance of spontane- 
ous hydrolysis after the enzyme had disappeared. It is unnecessary to 
give these experiments in detail, because they did not give a satisfactory 
answer to the question. It is sufficient to say that up to the 4th day 
the hydrolysis of triacetin by pancreatin Rhenania was proportional 
to the amount of enzyme present; after this date, that with.the largest 
amount of enzyme still continued to proceed fairly rapidly, while the 
two solutions with smaller amounts of enzyme had diminished to a very 
slow rate, nearly the same in both. This slow rate would probably 
have continued until the same equilibrium was reached in all, but as it 
did not seem to have anything to do with the enzyme, conclusions 

drawn would not be convincing. The fact serves to show the impossi- 
_ bility of satisfactory experiments with small amounts of enzyme. 

Taking all the above three circumstances into account, it is easy to 
see how it is possible, by supposing that an equilibrium has been 
reached with a small amount of enzyme, to increase the change by 
the addition of more enzyme, by rise of temperature, concentration and 
80 on. 

The effect of removal of products of the reaction, so far as they 
paralyse the enzyme, will, of course, also be to set the reaction going 
again, if it had ceased owing to disappearance of the enzyme as an 
active constituent. It is of interest to note that, according to 
Tammann’s experiments, this paralysing effect does not seem to be 
connected with any particular chemical affinity of the enzyme to the 
product in question, since some of the products, such as benzaldehyde, 
hydroquinone and hydrocyanic acid are active, others such as glucose, 
alcohol and glycerol, have very little effect. Certain substances, which 
are not products of the action of emulsin, are also paralysing agents, 
such as ether. | 


III. Glucosides of primary and tertiary alcohols. 

Why is it that, in a mixture of water, glucose, hydroquinone, glycerol 
and emulsin, no detectable amount of arbutin is formed, but as much as 
60-70°/, of glycerol-glucoside? Van't Hoff (1910, p. 964) gives the 
following answer. Menschutkin (1880 etc.) showed that, in esteri- 
_ fication of the primary, secondary and tertiary alcohols with the 
same acid, the primary alcohols were esterified to the extent of 80°/,, 
the secondary to 50°/,, while the tertiary only reached about 10%. 
Since glucoside formation is related to esterification, Van’t Hoff 
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performed experiments to compare the equilibrium position in the cases 
of glucosides of tertiary alcohols, such as hydroquinone, saligenin etc., 
with that in the case of primary alcohols, such as glycerol, and found 
them to be very much as expected. 
Bourquelot and Bridel (1911, 1912) have prepared the B-gluco- 
sides of several primary alcohols, methyl, ethyl, propyl, butyl and iso- 
amyl, by means of emulsin. I have also found the glucoside of iso- amyl 
(primary) alcohol to be easily formed, but not that of the corresponding 
tertiary alcohol, dimethyl-ethyl-carbinol. | i 


Exp. 9. To 26 C. C. of each of these alcohols were added 2°5 c.c. of water, 4 grms. of 
glucose and 1 grm. of emulsin. They were kept at about 25° for five weeks with frequent 
shaking. The solutions were then evaporated to dryness in vacuo and treated according 
to the method of Bourquelot and Bridel, viz. extraction with hot ethyl acetate to 
dissolve the glucoside and placed in the cold store in order that any glacose dissolved 
might separate out. Filtered. Evaporated off the ethyl acetate and placed over sulphuric 
acid in vacuo. The product from the primary alcohol was found crystallised next 
morning and weighed 0-546 grm. It gave in 2°68 % solution a rotation of — 1-03, which 
is equivalent to [alp of - 18°, but was probably not quite pure. The product from the 
_ tertiary alcohol weighed only 0°03 grm. and gave a rotation of only some - 0°-01. 


With regard to the interpretation of this result, a circumstance to 
be referred to in the following section, requires consideration. 
I have been unable to obtain definite evidence of synthesis of lactose 


or of arbutin, but of B-methyl glucoside to a small extent. Some 


synthesis of either amygdalin or mandelic nitrile glucoside was obtained 
in the following experiment : : 


. Exp. On Aug. 24th, 1906, 18 grins. of glucose were dissolved in 100 c.c. of 1°3 %, 


hydrocyanic acid, 5°3 grins. benzaldehyde and 1 grm. emulsin. This was kept at room 


temperature until May 26th, 1911. It was then boiled, filtered and diluted to about 13 °/, 


in glucose, The solution had a rotation of 15°62. To 50 c.c. was then added 0°25 grm. 


of emulsin and then left at room temperature for 2-3 days. The solution was treated 


with mercuric nitrate and sodium hydroxide, so that of the final filtrate, 80 C. 0. oorre- 


sponded to the original 50 0.0. Its rotation was now 10°-67. If a laevo-rotatory glucoside 
had not been present and hydrolyzed by emulsin, the rotation would have been only 
15°-68 x §§ =9°-76. Amygdalin is said to have the structure of the glucoside of a secondary 
alcohol, so that it would be more easily synthesized than arbutin. | 


One point that is impressed upon the investigator by the facts of 
the preceding section is that sufficient account is not always taken of 
the ease with which a reaction takes place, so that the absence of an 
effect by a particular enzyme is not necessarily due to the inability of 
the enzyme, but to the difficulty of bringing about the reaction by any 
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of the two phases of a heterogeneous system. 


Van't Hoff noticed that the synthesis of 5 by 


emulsin could proceed in complete absence of water (1910, p. 969) and 


Bourquelot and Bride] (1911 etc.) that the enzyme was able to syn- 
thesize ethyl glucoside or hydrolyze salicin in a medium containing as 
much as 90% of alcohol. Now, ee is n insoluble in 


alcohol of this strength. 


placed in 75 0.0. of 90 % alcohol and allowed to remain with frequent shaking for several 


days at room temperature. The filtrate was then evaporated in vacuo at 35°. The 
residue dissolved in 2 or 8 0.0. of water had no action whatever on amygdalin. The 
enzyme itself which had been filtered off was still very active, as would be expected. 


It is well known that enzymes are in the colloidal state in liquid 


media, so that, in this sense, they always form a separate phase and, as 


it would seem, are thereby excluded from forming a constituent of the 
final equilibrium brought about by mass-action. Moreover, an observa- 
tion by Dietz (1907, p. 291) on lipase showed that this enzyme exerted 
its action in a solution in Which it was ens insoluble and could 
be filtered off. 

Since the question is of some interest in reference to the theory of 
enzyme action, some experiments relating to it are — worth 
recording here, 

It is a familiar fact that 3 of the e or emulsoid class are 
capable of taking up considerable amounts of water by the process 
known as imbibition and gelatin has been used as a method of dehy- 
drating alcohol. Enzymes belong to this class of colloids and the idea 
naturally suggests itself that, on their surface, or within their substance, 
they may, for purposes of hydrolysis, bring water and substrate into 
sufficiently close contact to enter into chemical reaction. So that, even 
from 90 % alcohol, sufficient water my be withdrawn to serve ei 

Exr. 11. 10-65 grms. of gelatin in sheet, which had been heated to 110° for 8 hours 
and had lost 18 % of its air dry weight, were put in 29 0c. 0. of 90 % alcohol and left for 


6 days. The alcohol was found to have increased in strength to 98°5 % . This means 


that the gelatin had taken up 2°46 grms. of water. The original volume of the gelatin, 
measured by the volume of toluene displaced by it, was 77 o. o., so that one would expect 
a considerable increase of its volume by the addition of 2°46 grms. of water, since the 


change of total volume (gelatin+ water) in imbibition is not great. To determine this, 


the pieces of gelatin taken from the alcohol were allowed to drain in air for a minute 
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or 80; the alcohol rapidly dried off and the volume of the gelatin was then determined 
by displacement of toluene as before and found to be, somewhat to my surprise, the 
same as its original volume. 

In this Exp. the water taken up by the gelatin must have dis- 
appeared along with the alcohol in drying. Now it seems improbable 
that this could happen in so short a time if the water had been taken 


into the body of the gelatin; on the other hand, not unlikely if it had 


been condensed on the surface. Posnyak (1912), in fact, concludes 
from his experiments that the surface condensation hypothesis fits better 
with the facts than the solution theory of imbibition, but considers it 
likely that both processes occur and that their relative importance varies 
with the concentration of water in the liquid phase. In our case, it 
seems evident that surface condensation is the more important factor. 
Exp. 12. A similar experiment with emulsin. 5°465 grms., dried over sulphuric acid 
in vacuo, were added to 16 b. 0. of 90°), alcohol and allowed to stand 7 days. The 
density of the alcohol filtered off was 0°818, as against 0-823 as put with the emulsin. 
The above amount of emulsin had therefore taken up 0°225 grm. water or 4°12 %. 
We see therefore that emulsin does concentrate water on itself, even 
from alcohol as strong as 90°/,. ‘This fact requires reference to be made 


to a fact which was noticed in the case of the primary and tertiary amyl — 


alcohols of the previous section. Iso-amyl alcohol dissolves very little 
water, about 6-8 °/,, so that a great part of that added was taken up by 


the glucose and enzyme. The tertiary alcohol, on the other hand, 


readily dissolved the whole of the water added, so that less would be 
available for the enzyme. It is possible, though not very probable, that 


this may have had some effect on the result of the experiment. Water, 
indeed, as Van’t Hoff found, is not indispensable for synthesis by 


emulsin. 

Van't Hoff points out (1909, p. 1067) that, in a completely 
thermo-neutral reversible reaction, such as that between two optical 
isomers, the position of equilibrium is when there are equal parts of the 
two. By analogy with Menschutkin’s esterification experiments, the 
equilibrium in the case of the glucoside of a primary alcohol and its 
components would be expected to be on the side of preponderance of 
the synthetic product, while the opposite would be expected in the case 
of the tertiary alcohols. The former is shown in the case of the gluco- 
side of glycerol and, to test the latter, certain dilatometer experiments 
were made (1910, p. 965). The details of the method may be read in 
the paper itself, although it must be admitted that their description is 


# 
é 


3 


- 
* 
*. 
4 
‘ 7 
* 1 
* 
4) A 
A 
7 
“33 
45 
— 
* 
ay 
oy 
~ 
* 
8 
4 
4 
— 
* 
* 
6. 
4 


ENZYME SYNTHETIC ACTION. ‘958 


not quite so: clear as we éxpeot from the pen of Vau't Hoff: The 
reasons for referring to them here and for the performance of certain 
similar experiments by myself, is the fact that E. F. Armstrong 
(1912, p. 102) quotes these experiments as definite proof that in enzyme 
action there is no question of a reversible change depending on the 
attainment of an equilibrium. I do not feel sure whether this statement 
is to be understood as applying to all enzyme action or only to the case 

: of emulsin and tertiary alcohols. 

Van't Hoff found that, in 4 solution saturated with glucose, salicin 
<a saligenin in contact with emulsin, hydrolysis occurred to such 
a degree as to be practically complete, ie. the contraction produced 
by the hydrolytic reaction was of such an extent as to correspond to 
almost complete hydrolysis. The object of the experiment, being 
merely to see whether the ‘hydrolysis exceeded the 50°/, position, was 
satisfied. If, on the other hand, the intention had been to detect 
whether there was any synthesis at all, the addition of salicin itself 
would surely have been omitted. In fact, the amount of salicin present 
was more than would correspond to a 95°/, hydrolysis, so that the 
Fendi of a synthesis to this extent was undecided. 

In order to see how far the method was capable of detecting increase 
in volume where synthesis is known to occur, viz. that of the glycerol 
glucoside, I made the following experiment: : 

Hott was 
taken, but somewhat larger, containing 28:c.c. Each mm. of the capillary tube corre- 
sponded to a volume of 0-000145 ¢.c. This was filled with the usual mixture of glycerol, 
ete, with emulsin and a rystal of thymol. Placed in thermostat at 2456. 

An expansion occurred, increasing to 15 mm, of the tube at 9 days, 
alae a slight contraction began to take its place, so that at the end of 
4 weeks, the total expansion was 12 mm., 15 mm. means an increase of 
volume of the total contents of 00078 /., At the end of the experi- 
ment, the degree of synthesis was found to be 50 %. 

A similar experiment was made with a solution saturated with 

| glucose at the temperature of the thermostat, 1°4 grms. of hydroquinone 
dissolved in it and emulsin added. A continuous small bat regular 

contraction was obtained. This lasted for some weeks. 

I have given this latter experiment because it shows the difficulty of 
interpretation of experiments of this kind. No possibility of hydrolysis — 
was present here, yet the contraction characteristic of it was observed, 
so that conclusions founded on she exact * of contraction must be 
received with caution. 
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It does not seem to be possible to decide the question at issue by 
— of this kind. Synthesis of 50 % was only accompanied by 
an increase of volume of 15 mm. on the capillary tube and not more than 
5 or 10% synthesis at the most is to be expected with tertiary alcohols ; 


this would not be more than about 1 mm. on the tube. If we 


remember also that an equilibrium position of 95°/, hydrolysis means 
that the synthetical reaction has only fs= oth of the rate of the 
hydrolytic one and that arbutin requires the action of emulsin for three 
or four days to hydrolyze it, it would need a couple of —* 0 
synthesize to the same point. 

A footnote by Van’t Hoff himself (1910, p. 966) shows that he was 
prepared to find some degree of synthesis. In one experiment he 
noticed, after a first nenen a slow rise which continued for four 
months and attained 22 mm. This rise he suggests might have been 
due to a synthetic process. If, however, this were so, it is difficult to 
see how the first contraction could be due to hydrolysis, so. that 86 
poste of another cause must be admitted. 


The conclusion seems to me to be justified that, although “a 


dilatometer experiments answered the question which Van’t Hoff 
required, no conclusions can be drawn from them as to the eeu ata 
of an equilibrium position due to a synthetic process. N 


VI. The o-emulsin of Rosenthaler. 


55 in a series of papers (1908-1909) has sae thas : 


emulsin, acting on a mixture of benzaldehyde and hydrocyanic acid, 
causes the synthesis of an optically active benzaldehyde-cyanhydrol. 
According to this investigator, the synthesis is brought about ‘by an 
enzyme which is not the same as that which hydrolyzes the same 
substance; he gives to it the prefix o- or u, while to that constituent 


of a e emulsin which hydrolyzes only, or is supposed to do so, he 
gives the prefix 5- or dia. Considering the extraordinary quantitative 


regularity of the results of various preparations of emulsin in the case 


of glycerol-glucoside, it seems difficult to accept the necessary assum p- | 
tion that the two enzymes are always ee in all W in Sg 


same relative proportion. 

Rosenthaler gives certain methods of separating the two 8 
and it seemed advisable to repeat these experiments on glycerol-glucoside, 
especially as objections have been brought (Bredig and Fiske, 1912 
and Wirth, 1911) against Rosenthaler’s methods of estimation. 
I may say that I was not successful with some ee W 
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with benzaldetiyde-eyanhydrol, Probably the correct: conditions were 


not present, but it seemed to me that the spontaneous symmetrical 


synthesis“ proceeded too rapidly in my experiments to e ‘the 
one to be detected. 


It is interesting to note that the action of emulsin i is to 3 


both optical isomers, although at unequal rates. In this respect the 


reaction resembles that of lipase on the mandelic esters, as investigated 
by Dakin (1904), and certain support is given to the view of Fajans 
(1910) that the apparent specific action of an enzyme on one of the 
optical isomers alone is not absolute, both isomers being attacked, but 
at unequal rates, which vary greatly in relation to one another in 
different cases. Recent work of Bredig and Fiske (1912).has shown, 
that asymmetric synthesis of benzaldehyde-cyanhydrol is brought about 
by optically active bases, acting as selective catalysts. Quinine causes 
the synthesis of the dextro-rotatory form, quinisiine: that 
laevo-rotatory one. 

Various methods were ond by Rosenthaler. in oe to 
separate the two enzymes. Success was believed to be attained in 


three or four of these, which I will take in order. 


(a) According to Rosenthaler (1909, p. 261) addition of copper 
sulphate in the proportion of 0:2 grm. to 0°5 grm. of enzyme precipi- 
tates the synthetic emulsin more readily than the hydrolytic one, so 
that the filtrate contains the latter only. An obvious criticism of this 
result is that the filtrate probably contains only a very small quantity 
of enzyme left unprecipitated and the test for hydrolytic power with 
amygdalin is much more sensitive than a test for synthetic power. It 
is necessary, therefore, to test whether concentration of the 
synthesis might be detectable. 
‘Exp. 14. 
Schuchardt. The precipitate was filtered off. The filtrate treated with sulphuretted 
hydrogen. Filtered, Neutralized. Concentrated in vacuo after adding about 1 0.0. of 
glycerol in order to obtain a concentrated solution of the enzyme in glycerol. This was 
added to about 20 c.c. of a strong solution of glucose in glycerol, with a small amount of 
solution of acid phosphate. The initial rotation, diluted 10 times, was 1°82. After 21 
to 1°68. 

Saturation with is said te the same 
as copper sulphate. 

18. A solution of 
Filtered, Dialysed to remove salt, concentrated in vacuo, redissolved in 25 ¢,c. of 20 % 
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256 „ 
glucose and added to an equal volume of glycerol. In six weeks the rotation was reduoed 
from 2°85 to 1°78, returning on hydrolysis by aid. 


Thus the filtrate after saturation with magnesium sulphate was, 
then, capable of synthetic action, although the greater part of the 


enzyme had been thrown: out of solution, as shown by the slow rate d of | 


the reaction. 


The two experiments described above were made before I was aware 


that the glucoside formed was that of glycerol alone, so that hydroqui- 


none was also present to allow the possible production of arbutin. Its 
only effect turned out to be a slightly retarding one on the rate of the 


reaction, so that, to avoid e i I have not added it in the aecount 
of the experiments. : 

(c) The action of acid is said to be to destroy the hydrolytic . 
more readily than the synthetio one. In repeating the experiments, 
I have followed the instructions of Rosenthaler closely, but only suc- 
ceeded in destroying both the hydrolytic effect on amygdalin and on 


glycerol-glucoside as well as the synthetic one on glucose and glycerol. 
The experiment consisted in treating 20 c.c. of 5 ½ emulsin with 40 C. c. 


of decinormal sulphuric acid for five minutes at room temperature and 
immediately neutralizing. 

a) Half-saturation with ammonium sulphate i is said to ‘have. the 

same effect as magnesium sulphate. I regret that I have been unable 


to repeat this result, because the enzyme preparations which I had gave 


no precipitate on treating in this way. Merely a slight turbidity was 
produced, which could not be filtered off. Since my preparations were 
active in both directions, the above result seems to suggest that the 
precipitate obtained by Rosenthaler did not consist. of enzyme. | 

(e) The effect of heating a solution of emulsin to 40°—45° is said to 
be to destroy the hydrolytic action before the synthetic one. The power 
of hydrolysis is said to be lost in about eight days at 45°, but it appears 
from the description to be very difficult not to destroy them both at an 
equal rate. It will be remembered that, on the theory of Rosenthaler, 
the equilibrium position arrived at is due to the presence of two distinct 
enzymes, having opposite actions. This being so, any variation in the 
relative proportion of these two agents will necessarily involve a change 
in the position of the equilibrium point. If, then, heat acts unequally 
on the two assumed enzymes, the equilibrium point attained by the use 
of a heated solution, even if the hydrolytic power is not completely lost, 


must be different from that in the case of an unheated solution — 
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Exp, 16. 50 0.0. of a 2°/, emulsin with toluene, were placed in the thermostat at 
48°65 for five days and it was then left, as I was unable to make the experiment at once, 
at room temperature for a further 12 days. It had then not lost completely its action on 
amygdalin, although it was obviously much diminished. 45 ¢.c. of this solution were 
then evaporated to dryness under reduced pressure at 40°, finally with the addition of 
alcohol: To the residue in the flask were then added 17 c. o. of a mixture of glucose, 
glycerol and water of the proportions already given for optimal rate of synthesis. To 
another 17 ¢.c., 0°6 grm. of the same emulsin from the stock bottle, 1.6. unheated, was 
added. Toluene to both and in the thermostat at 489,5. The following rotations of 


Aer 975 days 1275days Synthesis % 
Heated 1°67 0°30 0°-028. 65°9 
Normal — »» 66˙8 


It will be seen that the result is contrary to that required by 
Rosenthaler’s view. There was, indeed, less rate of synthesis in the 
heated preparation, but stress cannot be laid on this difference, which 


only resulted, after three weeks, in a difference of amount of synthesis 


of 0˙9 %, because the heated preparation was clearly less active, owing, 
as I hold, to the destruction of the one enzyme with its accelerating 
action on both the hydrolytic and synthetic reactions. The fact of 
importance is that, if curves are drawn from the figures given, it will be 
found that the equilibrium point to which they both tend is identical, 


or at any rate is not displaced towards the synthetic side, as would 


have been the case if Rosenthaler’s assumption were correct. | 
The conclusion to be drawn from the experiments described in this 


- section is, I think, that the evidence in favour of a separate synthetic 


emulsin is not sufficiently strong to compel us to accept its existence. 
The contrary results of Rosenthaler can only be explained as due to 
some peculiarity in the reaction used by him, which makes it ‘an in- 
one for purpose of the problem. | 


Theo are, of course, two glucosides of glycerol, corresponding to the 
a- and 8-forms of glucose. That one formed by emulsin is, as we have 
seen, the laevo-rotatory or f- form. Fischer and Beensch (1894) first 
obtained the mixed glucosides by the action of acid on a mixture of 
glucose and glycerol. They describe the substance as a thick syrup, 
incapable of crystallization and only to be purified by repeated fractional 
precipitation by the addition of ether to its alcoholic solution. I have 
been unable also to find any solvent in which there is much difference 


of solubility between the glucoside and glycerol itself. For this reason, 
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it seemed the best plan to adopt in order to determine the [elp of the 
B. glucoside to compare the change of rotation under the action of 
emulsin with the amount of glucose which had been converted to 
glucoside, In this way a value of —38° was obtained as a mean of 


several experiments, differing by about 13°/,. Using this value in 


calculating other e it was found that concordant results 
were obtained. 

To obtain the corresponding constant of the eee the following 
plan was adopted. After the action of strong hydrochloric acid on 
glucose and glycerol, the solution is diluted, made slightly alkaline, the 
glucose content and the rotation determined. ‘The dilute solution is 
then hydrolyzed by acid and the estimations repeated. The content of 
the original solution in glucose and in total mixed glucoside is thus 
known. Another part of the dilute solution is then hydrolyzed by 
emulsin, the glucose and rotation determined. The rotation due to the 
glucose being deducted, the remainder is that of the a-glucoside, whose 
concentration is known from the first experiments, The value thus 
obtained for the [a]p of the a-glucoside is +91°2. From the above 
data the ratio of the two glucosides after the action of acid is 75 3 of 
the a- form and 24-7 / of the g- form. 

It is to be expected that in glyoerol, as in the te state, the a-form of 
glucose would predominate, I find, in fact, that the rotation of glucose 
dissolved in glycerol is higher than in water, although it is scarcely 
possible to give accurate results, owing to the probability that the 
equilibrium position is more slowly attained in the former case: 

As in other instances, it is found that the proportion of glucose and 
glucoside in equilibrium under the action of acid is not the same as 
that under the action of enzymes, with similar conditions of concentra- 
tion. With regard to the apparent contradiction of the second law of 
Energetics present here, it should be remembered that, as is well 
pointed out by Herzog (1910, p. 195), this law demands only that the 
equilibrium in the two cases should be the same in the vapour phase. 


Moreover, since we have, in the case of the enzyme, to deal with a 


colloidal solution, in which there is a large development of surface at the 
interface between enzyme and liquid phase, it seems quite possible that, 
although the equilibrium may be altered here, it may be the same in 
the vapour phase. In any case, the work needed to account for this 
difference is very small, owing to the approximate thermo-neutrality of 
the reaction. So that it seems quite within the range of ee 
what is necessary. 
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In some earlier experiments in which heat was used to dissolve _ 
glucose and hydroquinone in glycerol it was found that a diminution | 
of rotation occurred, which was reversed by acid hydrolysis. It was 
found later that no arbutin, but only glycerol-glucoside, was formed by 
the action of emulsin, so that it seemed possible that in neutral solution 
B-glucoside was formed in greater proportion than the a-form. Sub- 
| sequently repeating these experiments in the absence of hydroquinone 
and in neutral and faintly alkaline solutions, no actual change’ of 
copper-reducing power was found to occur. What appears to take 
‘place in the presence of hydroquinone is that the rotation of the glucose 
present is reduced in some way (opposite to that of multi-rotation), since 
the rotation is less than corresponds to the glucose present, as shown by 
‘the copper-reducing power. On heating with acid, the rotation rises to 
the value corresponding to the glucose present. Of course, precautions 
were taken to extract all hydroquinone before amen. the glucose. 
Further investigation i is required. 
It is interesting in this connection that Maquenne (1905) found 
that 8-methyl-glucoside is formed by the action of methyl sulphate 
‘and sodium hydroxide on glucose. I tried whether, in an analogous 
way, 8-glycerol-glucoside would be formed from mono-chlorhydrin and 
glucose, in the presence of sodium hydroxide. No result was N 
although the whole of the chlorhydrin was cue 


vm. hydrolysis optical isomer, 
We have seen that the glycerol-glucoside synthesized by emulsin is 
the B-form and therefore the same one which is hydrolyzed by the 
enzyme. Similar results were obtained by Bourquelot and Bridel 


(1912) in the case of various alkyl-glucosides and it is to be noted that 


‘the glucosides which they obtained were crystalline, as was that of 
‘iso-amyl-alcohol prepared by myself, as described above, thus satisfying 
the demand of E. F. Armstrong (1912, p. 102) of isolation and 
‘identification of the synthetic product formed by enzyme action. 

Considering the simplicity of the reaction in the above cases, it is 


difficult to resist the conclusion that, when the opposite optical isomer 
seems to be produced, as in the experiments of E. F. Armstrong (1905), 
‘some change has taken place during the operations necessary to separate 
it, unless we are prepared to accept the view that both isomers are 
formed, but the one at a much slower rate. It is significant that the 
‘quantities obtained in the experiments referred to were very small. 
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Since maltase hydrolyses the a-glucoside, it seemed oe while to 
stomp to prepare it synthetically by the action of — 
17. A mixture was taken as follows: pitt 
Glucose Gb rms. Glycerol 
Water 3˙8 Dried yeast 1˙5 ” 
power was diminished, but there had been actual disappearance of glucose by oxidation 
or otherwise, since the rotation was reduced and was not increased by acid hydrolysis in 
dilute solution. The action of dried yeast, in dilute solution of the products, was how- 
ever to increase the glucose content, presumably by action on a-glucoside. The total 
Tt appears that the is less than 
the B- form, or that the yeast used did not contain much maltase. 


This same yeast, in fact, gave me an anomalous result when acting on 


the mixed glycerol-glucoside formed by acid. In dilute solution, the 
‘rotation should be diminished, owing to hydrolysis of the strongly 
dextro-rotatory a-glucoside, The opposite effect was found to occur, 
a fact for which I can suggest no explanation, unless the yeast contained 
a large amount of emulsin, which hydrolyzed the laevo-rotatory 
B-glucoside. 

~~” A rather better result was obtained by the use of Taka-diastase 
as the source of maltase. In an experiment done in a similar way to 
that with yeast, an increase of rotation of 28°/, with a reduction of 
glucose of 30°/, took place in three weeks. The a-glucoside formed was 


hydrolyzed in dilute solution by Taka-diastase, and its [alu calculated 


from the increase of rotation compared with the disappearance of glucose 
1 synthesis was + 85°. 

Bredig and Fiske (1912).in their interesting work on the produc- 
tion of optically active benzaldehyde-cyanhydrins by the catalytic action 
of optically active bases did not, so far as I am aware, test whether 


the cyanhydrin produced under the action of a particular base was also 


hydrolyzed in dilute solution by the same base or, preferentially, by the 
opposite one. In attempting to answer this question, I have found 


it very difficult to hit off the right stage in the hydrolysis, since if this 


proceeds too long, the products become symmetrical. The ren is 
an experiment which gave a small but distinct result. 
Exp, 18, To 60 a. of strong solution of quiaidine in 50 0. aloohol, were added 


10 ¢.c. of racemic b nhydrin. The solution was kept at 48° for about six 


weeks. It was then treated by 1 the method of Bredig and Fiske (1912, p. 10) to separate 
‘optically active mandelic acid, if present. Extraction with chloroform, after the addition 
of AN sulphuric acid, repeated until no more alkaloid was removed. The chloroform 
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| Mere acted on both in hydrolysis and synthesis. 
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extrack wait mixed: with an volume of strong: hydrochlorie acid, in ordet to sonvert 
to mandelic acid the optically active vyanhydrol, which would be left if the opposite 
isomer had been. attacked more rapidly by the catalyst. After an hour, the chloroform 
was evaporated off and the water filtered, after adding charcoal to clarify. This 
solution had a slight lnevo-rotation, which could not have been due to unextracted 
alkaloid, since that is dextro-rotatory. It must then have proceeded from a small content 
in optically active mandelic acid. The laevo-mandelic acid corresponds to the dextro- 
cyanhydrol and is that one which would have remained, if the catalyst had accelerated 
the decomposition of the same isomer as that whose synthesis is brought About. 5 


So far as it goes, this result shows that, in the case of catalyeis b by 
optically active substances which are not enzymes, the same isomer is 


ree 


| The synthesis of paranuolein” 
_Brailaford Robertson (1909) has described how, when a strong 


lation of pepsin is added to a concentrated digest of caseinogen, 


prepared i in a certain manner, a precipitate is formed. This precipitate 
is considered to be “ paranuclein” and to be synthesized from its hydro- 
lytic ‘products by the agency of pepsin. Owing to some peculiarities 
of the reaction, it is assumed to be due to the agency of a. special 
synthesizing pepsin; distinct from the — one and not ua de 
the laws of catalysis. 


For the object of the present paper, it was necessary to investigate 


this reaction. - But I soon found that it was not.an enzyme action at 


all, so that, strictly speaking, all that concerns us is the proof of this 
statement. What the result is actually due to, I have beén unable to 


make out very definitely, although, as will be “ith it is wheres a 


een precipitation effect of some kind. 

When a peptic digest of caseinogen is 8 it is a matter of 
fomiliar experience that a part of the protein does not go into solution. 
In the method used by Brailsford Robertson, the digestion is allowed 
to proceed in only faintly acid solution, subsequently concentrated 


on the water bath. The ordinary digestion in 0°5°/, hydrochloric acid 


can also be used, if neutralized and concentrated without previous 


filtration. In fact, some substance is present, soluble in very dilute 


acid, but insoluble in the stronger acid. On concentration, however, 
it goes into colloidal solution in the peptone, etc., and very little is left 


to filter off at the end. The first point to be noted, then, is that the 


reaction does not come off if an ordinary acid peptic digest be filtered 
before use. In other words, the undissolved residue is one of the 


‘components of the precipitate obtained on adding 10°/, pepsin. 
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Further, this essential constituent can be removed from the 
eee total digest by the addition of acid to about 0˙5 /, of 
hydrochloric acid. The filtrate, after neutralization, fails to give the 
reaction. The precipitate, redissolved in the least possible alkali, oe 
an immediate precipitate with strong pepsin. = 

From these facts, it seems clear that the substance thrown n d 
not a synthetic product of enzyme action, but something already present 
in the solutions. 

The next step was the discovery that it is not the enzyme, pepsin, 


that is responsible for the phenomenon, Merck’s scale preparation 


in 10°/, solution gives it strongly, while a powder obtained from 
Schuchardt, although strongly peptic, gave no result. Further 
evidence of the same nature is given by the following results. 

It is well known that pepsin is rapidly destroyed in alkaline 
solution (Langley, 1882). If then a solution of Merck’s preparation 
be made alkaline and warmed for half an hour, its peptic action is 
abolished. I found that it had no action whatever on fibrin, But it was 


still able to produce: a precipitate in concentrated peptic . of 


caseinogen. 

Pepsin is at 65°C. but a so treated is still 

in forming the precipitate. Brailsford Robertson, himself, found 

that his reaction would take place at 65°. It is abolished. by heating 

the pepsin previously to 100°, but at this = coagulation is 
produced, which did not occur at 655. 

Again, an active pepsin solution loses its activity as regards the 
reaction under discussion if allowed to stand at room gested os 
two or three days, although it is still powerfully peptic. — | 

I The rapidity of the reaction is in itself a atrong indication that iti is 

not a case of enzyme synthesis. 

What it appears to be is a mutual precipitation of 8 n 


N The precipitate has a quantitative relation to the amount of 


reagents used, as Brailsford Robertson found. I found also that 
it is soluble in excess of either constituent, as is the rule with such 
phenomena. Although the pepsin solution used was noticed to be 
fairly strongly acid, it was found that an equivalent amount of ‘acid 
added to the caseinogen digest did not alone produes the reaction, A 
perfectly neutral solution of pepsin added to a neutral digest is inactive, 


‘but if neutralized by treatment with excess of calcium carbonate and 
the excess of carbon dioxide: removed in vacuo, it remains. suffieientl 7 


acid to react. In all probability, slight acid reaction is necessary for 
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the proper sign of the electric on the 
What this substance is, can give no that: is 
85 a protein, which is hydrolyzed and rendered inert by the action 
of pepsin, as shown by its disappearance from a kept solution: of _ 
It seems to be peculiar to the scale preparation. pe: 
The constituent of the caseinogen digest is, I think, andoribtedly 


nuclein or nucleic acid, which is always present, according to Plimmer, 


in caseinogen preparations and probably comes from the cells, of .the 
mammary gland. It is unacted on by pepsin. Dr Plimmer kindly 
gave me a nuclein preparation from thymus and this gave the e 
tion reaction with Merck's pepsin. 3 

The so-called “synthesis of paranuclein by pepsin” is not to be 
e to follow the laws of catalysis, since it is — more nor less 
a colloidal precipitation process. 


„ there only remains one reaction 3 
a 3 synthesizing enzyme is supposed to play a part, that is the 
hexose-phosphatese of Euler (1911), which has been subjected to 
criticism by Lebedeff (1911). Certain extracts of yeast are stated 
to synthesize hexose-phosphate, but to be incapable to hydrolyze it. 
The conditions are very complex and, as Harden and Young (1908) 
have found apparently similar extracts to contain an enzyme which 
hydrolyzes hexose-phosphate, there is no reason ~ the same e 
should not be rT for both effects. i ae. 


Summary. 


water, as accelerated by emulsin, follow in all respects the laws deduced 
from mass-action for an in a system, by 


a single enzyme. 
The equilibrium position is the same from whichever end it is 


approached. 
The glucoside produced is ‘the form and the same. whic is 


hydrolyaed by emulsin. 
The rate of the reaction is directly 1 to the concentration 


of the enzyme,:although not in linear proportion. 
The is of the concentration 
of the enzyme. - pen: | 
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‘Results in which it appeared that a large amount of enzyme was 
3 of producing a different equilibrium position from that produced 


by a smaller amount are shown to have been due to removal of the 


enzyme, either by destruction or paralysis by products, stag true 
equilibrium was attained. 


Van’t Hoff's view as to the greater ease of synthesis of the 
glucosides of the primary alcohols, as compared with those of the 
tertiary alcohols, is confirmed in the case of the two kinds of amyl- 
alcohol. 

Evidence is given to show that hie action of 3 which bes 
place in liquids in which it is completely insoluble, is exerted on its 
surface. The reacting substances are probably brought into close 


contact by condensation on this surface (adsorption), owing to sone 


causing diminution of surface energy. 

Rosenthaler’s hydrolyzing form of emalsin i is shown to. be * 
of synthetic action in addition; while his experiments supposed to show 
the separate existence of an emulsin with synthetic powers only could 
not be confirmed. Both powers were found to disappear together, so 
that the equilibrium point under enzyme preparations, treated and 
untreated, was the same, although the rate of the reaction was different. 

The results of dilatometer experiments are shown to be very difficult 


of interpretation and, although they show that the glucosides of tertiary 3 
alcohols are much more difficult to synthesize than those of primary | 


alcohols, no conclusion can be drawn as to pats nes of reversi- 
bility in the former case. 

The glucoside by the: of wm found to be 
mixture of a- and g- forms in the ratio of 753 parts of the former to 
24°7 ee of the latter. The [aly of the sex ten is 91˙2 and that of the 
latter, — 

— and maltase in their towards 
the same optical isomer is hydrolyzed and synthesized. 

Brailsford Robertson’s “synthesis of paranuclein by pepsin” is 
not a synthesis, nor is it produced by pepsin, while the substance formed 
is not paranuclein. It is, in fact, a colloidal — - . no 
connection with enzyme action. 


From the results given in thie Paper some general conclusions * 
be drawn. 


Since we find that, in a simple system, salty 8 the ce 
of an enzyme, emulsin, is found to follow, without exception, the laws of 


catalysis by a single agent, the conclusion seems justified that, whenever 
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we meet with apparent deviations from such laws, instead of ‘Inventing 
new enzymes or making assertions as to the non-application of the laws 
of physical chemistry to enzyme action, we should endeavour to find the 
reasons for the divergence. Until the impossibility of finding such 
reasons has been demonstrated, it is more in accordance with scientific 
method to hold provisionally the application to all enzymes of the laws 
which we can show to apply to so many: „„ 

I think that we ought, in the interest of clear conceptions, to go 
even further and to deny the application of the name enzyme or 
“ferment” to any substance not manifesting the properties of a catalyst. 


Note. Since the above paper was written a further communication 


by Rosenthaler has appeared (Arch. d. Pharmazie, xxv. 56. 1913). 


The only additional evidence brought forward in support of his syn- 
thesizing emulsin is that in certain Umbelliferous plants there is an 
emulsin which is capable of hydrolysis only. It is probable that it is 


present in traces merely and would be found capable of synthetic action 


if concentrated. 
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ON: THE: INFLUENCE OF PRELIMINARY HEATING 


pon PEPTIC AND TRYPTIC PROTEOLYSIS. 
By A. H. BIZARRO. 
Crom the Institute of Physiology, of 


as interesting results obtained by Tallarico u on the effect of 
preliminary heating of egg - white and other proteins on subsequent 
tryptic digestion suggested to me the desirability of making further 


experiments on the effect of such heating on proteolytic action in 


general: In the following pages I give an account of observations both 
on peptic and on tryptic digestion. 

The method employed is based on that given by Sörensen oe 
for the estimation of amino-acids and polypeptids by titration with 
sodium hydrate after the addition of formaldehyde. This has already 


been used by Henriques and Gjald back & for the study of gastric 


PEPTIC DIGESTION, . 
It is known that whether peptic digestion gives rise to nn 


or no, depends upon the duration of digestion. If it is prolonged, 


considerable amounts are formed. Thus, the formation of amino-acids 
in natural digestion depends upon the duration of the stay of food in 
the stomach. In many ‘cases, the time the food stays i in the stomach 
is short. This has been shown for ovalbumin, casein and meat by 
Gaucher@ and by London and Schwartz The time depends 
on the kind of food and varies with its composition; a’ constituent 
which is only slightly digestible lengthens the duration of gastric action. 
According to Abderhalden, Klingelmann and Pappenhusen e 
no liberation of amino-acids takes place in the stomach. As Choay 6 
and Linossier uh have remarked the normal ‘activity of the gastric 
juice seems to be limited to a solvent action. The solvent action 
of . juice favours the proteolytic action of pancreatic juice. 
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268 A. H. BIZARRO. 


The distinction thus suggested between peptic and tryptic action is not 
however considered by Choay@ to be absolute. Obviously it does not 
hold in artificial digestion, and Rakoczy un in such experiments found 


that after the 2nd to 4th day the solvent activity of gastric juice ceases 


and gives way to a hydrolytic one. 
Method. The proteins investigated were placed with water in 
150 cc, flasks and heated for 20 minutes at varying temperatures. 


Any loss of weight after cooling was then made good by adding distilled — 


water. ‘To each flask a definite amount of the “ pure pepsin” of Merck 
dissolved in 4 p.c. HCl (sp. gr. 1°24) and filtered, was added. I shall 
speak of this as pepsin-H CI. A little thymol was added to prevent 
putrefaction. One or more control flasks were in all cases arranged 
according to the nature of the experiments. The flasks were then 
placed in a ‘thermostat at 45° O. 7 7 


or as to the optimum temperature for its proteolytic activity. Langley and Edkins d 
late that when pepsin is heated for 15 mins. at 55° C. a large part is destroyed, but that 
is not wholly destroyed by heating for the same time at .70°O. Other observers find 
that pepsin gradually loses its activity on heating and that it is destroyed at 80-1005 C. 


The flasks were shaken day but not to the 
dei de action described by Shaklee and Meltzer 0. 10 ac. were 


taken from the flasks at intervals, treated with an equal volume of 


neutral 40 p.c. formaldehyde and titrated to a distinct pink colour with 
N/10 NaHO. The solutions were removed with a ~— and care was 
taken not to touch the neck of the flask. 

In each experiment two series of flasks were taken, though only 
one is mentioned in the protocols of the experiments. The numbers 
given in the tables are the averages of the analyses of the two sets. 

Observations were carried on for 40 days. After this time, only 
a small quantity of the fluids remained ; this will be spoken of as the 
residue. Small portions of the residue were tested for albumins, 
globulins, proteoses and peptones ; also for tyrosine, leucine, histidine 
and tryptophane. Further the sediment was examined microscopically. 

It will be understood that the method described above was adopted 
in each of the experiments, so that the details are not renee in * 
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PRELIMINARY HEAT ON. PROTEOLYSIS. 269 


Exp. 1. The strength of the solution of white of egg, filtered by gauze, was 20 pe. 
A duplicate series of flasks A to G were taken. 70 c.c. of the ovalbumin solution were 
placed in flasks C to G; these were then treated as follows: 
C left at room temperature. F heated at 120° C. for 20 mins. 
D heated at 80°C. for 20 mins. „„ 
„ 
HO} and ‘28 0.6. HCl (with a little thymol) were added. 
The control B contained 70 b. 0. pepsin-HCl, -28 d. 0. HCl and 70 C. C. water. 
‘The control A contained 70 0. 0. HCl and 70 d. o. water. 
Flasks placed in the thermostat at 45° C. : 
ations of by Stren’ method wer made ar 128,456, 18, 30, 


TABLE I. 
| vno NaOH to neutralise — 
, Solution 1 3 4 5 8 18 20 80 70 = 
4 96 26 26 26 26 28 805 865 50 86 
5 2˙6 26 26 26 26 28 806 87 50 
C 41 #45 #47 49 5695 7 125 39:0. 
D 87% #45 45 46 #47 «+50 59 74 120 88-0 
E 41 48 44 465 47 51 676 7˙6 142 82-0 
F 60. #1 4% 18.7 810 
63639 495 4˙4 45 47 3˙4 7.1 11.7 28-0 


After 40 hours digestion, the solution was not completed, there was a clear fluid above 
but a thick turbidity in the bottom of the flasks. The increase in acidity in 4 and B was 
due to concentration of the fluid by evaporation. — 


"Reactions of residue after 40 days digestion. , 


Tests 
No precipitate, but turning yellow upon heating. 
NBLGH (Kanthoproteic) The yellow colour into 
Adamkiewicz Light red and violet 
Biuret Violet changing to pi red. 
acetic acid + NaCl, amm. sulphate, ferrocy. of excess of scetic acid, gave no pp. 
Picric acid t yellow | 


Phosphotungstic ad. white flocculent 
Hopkins and Cole’s, gave ve reaults, . 


Alcohol acetaldehyde’... 


Red purple. 
Knoop’s 8 Faint red coloration after heating. 
‘Abdethalden 8 method 2 


Very few 2 of 


tyrosine, 
in * A erystals of tyrosine, 


ö Of, Emich. Lehrb. d. Mikrochem. p. 171. 1911. 
2 Etch. f. physiol. Chem, LXXVn. p. 76. 1912. 
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Exr. 2. A series of flasks 4—F, each containing 70 8e. of the ogg-white solution 
wers heated as follows: 
: A at 100° C. for 2 hrs. D at 140° C. for 2 hre. 

5 hrs. 2 5 hrs. 


4 
To each 70 0. o. HO wae aed 


II. 


Inſtuenee of duration of preliminarq heating. of 
NaCH required to newtralise. 


Time in days 
Solution 1 2 3 4 eT 18 20 30 40 
4 4:0 4°3 4°65 49 495 . 54 6°35 79 13°0 22°7 
B 39 42 4°3 4°55 4°65 5-1 6°15 71 8-4 18°6 
4°0 43 4°35 4°5 6°75 6˙8 20°1 
D 42 4°2 4-4 4°6 4°6 4:8 5°6 6°95 20°2 
E 41 48 44 455 46 48 59 69 100 184 
F 4°0 4°05 4°2 42 43 4°8 5˙7 6˙2 8˙8 140 


. After 24 hours’ digestion, the solutions were limpid, and albumin which by the action 
of heating had become adherent to the side of the flasks, was perfectly digested and a light 
turbidity was seen which disappeared ten days later. 

The residue after 40 days’ digestion. The tests gave results similar to those in Exp. 1. 


In the sediment numerous crystals like those of proline and very few of glycocoll were 


found. 
GELATINE. 
Exp. 3, game of commercial gulatine ware placed in each BF 


in 70 ¢.c. water. : 
B was not heated. : : E heated to 120° O. for 20 mins. : 
Cheated to 80°C. for 20 mins. „ 140 0. „ 
D „ 100 0. „ 
To each 70 0. a. pepsin-HCl were added, As « control 8.5 grams of gelatine were placed 
in flask A with 140 c.c, water. Flasks placed at 45° C. 8 


is 


cc, N/10 NaOH required to neutralie 
The indays 
Solution “1 2 3 18 80 40 
4 1˙9 3˙2 5˙3 
B 46 4°6 4˙7 48 49 505 6˙0 74 106 184 
0 4˙6 4°6 475 5˙1 5˙3 545 67˙2 75 20˙2 
D 4450 5˙1 515 6˙0 121 1 
E 4˙⁰ 4°3 44 4°6 475 48 5°85 725 106 17˙6 
F 4˙1 4˙6 4°85 495 52 5°25 106 178 


Alter 24 hours’ digestion, gelatin did not solidify in the flasks where pepsin had been 
added. In these there was a slight flocculent residue, 


Digestion residue. Mörner's test gave a light red colour (absent in the control), Tests 


for tyrosine and tryptophane were naturally negative. In the sediment many crystals — 
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PRELIMINARY HEAT ON PROTEOLYSIS. c 


Fink. 


Exp, 4. Fibrin was prepared in the manner by 


0 at 80˙ C. for 20 mins. | 


D at 100° C. 


” 


Up Faw fibrin and 70 water were placed in flasks 4—F. 
B left at room temp. 


120° C. for 20 mins. 
Pat 14% C. „ 


70 ¢.0. pepsin-HOl were added, 70 c.c. salt solution were added to 4. 


(a) Fibrin is slightly swollen. 
(b) Swelling is less accentuated and disappears some days afterwards. At the end of 
40 days, the size of the granules was very much 
(c) The gelatinous mass which formed dissolves, and only a slight residue remained at 


the bottom of the flasks. 


TABLE IV. 
Number of cc. N/10 NaOH required to neutralise, 
Time in days | 
Solution 1 3 3 4 18 20 80 40 
4 015 02 025 (0 060 095 1:55 80 39 
B (46 49 54 6535 68 OM. 
C (44 47 50 52 54 60 65 77 101 168 
D () 32 40 47 £5065 545 5/5 68 6˙8 
E (81 89 47 S51 6˙4 54 5675 575. T4 81 
F ()386 89 47 #452 565 566 625 785 108 162 


Residue. nok give clear many orystals like those of 


BEEF, 


Exe. 5. 7 grams of Saly lean bet water were plain 


B to K. 


B and C kept at room temp. 
D and E at 80° C. for 20 mins. 


Fand G at 100° C. 


E and I at 120° C. for 20 mins. 
J and K at 140 C. 


) ‘ToB, D, F, H, J, 70 0. 0. salt solution were added. 
To O, E, d, I, K, 70 c. o. pepsin-H Ol were added. 
Flask A contained 75 0.6. water and 70 0. pepsin - HCl, 
The following numbers represent the acidity in o. o. N/10 NaOH of 5.0, filtered 

solution of beef, measured after having been submitted to heat: 


Heated at 120° C. 


Crude 
Heated at 80° C. 
109° C, 


oe 


0°2 
0-3 


140˙ 0. 


0˙45 
045 


19-2 
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TABLE VA. 


cc. N/10 NaOH required to neutralise. 


Time in days. 

Solution 4 5 20 30 40 

B (a) 1˙8 17 (a 12 (a) 19 (a) 20 (a 4 a) c | 

0 9 505 be 745 (c (ce) 66» (e 75 350 

D 1°45 1°5 217 2-0 

E My ; — 46 56 6˙8 8°5 

F on 25 11 1-1 12 13 1°45 19 2°0 

G 20 2°3 2°75 8-4 3˙4 3˙8 4°7 59 79 8°6 

H 09 10 10 1°15 1°16 1°15 1% 16 18 2°4 

I 2°0 2˙5 8°0 3˙4 375 4°65 5˙7 72 8°6 

J 0-7 0-9 12 13 14 14 1°5 1°6 19 2˙1 

X 1°95 2°5 28 3˙1 8°55 4°05 5. 5˙5 6˙8 74 


(a) Beet is in lumps of a grumous appearanoe. 7 . 
ſe) Beet is like granules. 


(d) The most limpid solution is „ 1. 


The following Table shows the Suids which conteined 
8 


TABLE VB. Acidity de to pati tigation. 


“BC 18 #286 815 85 87 44 
D-E 275 28 8°25 2°3 3°15 
F-G 145 176 1°85 23 23 26 3˙4 445 60 
H-I 1˙1 225 26 3˙4 
JX 125 16 18 2°65 
Residue after 40 days’ peptic digestion. Hofmann’, Piria’s and Scherer’s test gave 
negative results. 
_ Mérner’s—red after heating. 
Knoop’s—red. 
Abderhalden’s method—very of tyrosine. 
In the sediment crystals indicating proline, glycocoll, and ystine were found, (In the 
controls, 


te 


CASEIN. 


Exp, 6 The casein was prepared by the method given by Hawk bd. 


placed in each flask B—K with 70 0. o. water. 

B and C kept at room temp. 5 E and I at 120° C. for 20 mins, 
D and E „, 80° C, for 20 mins. J and K at 140° C. 8 
Fand G „ 100% 0. „ 

70 c.c, salt solution added to B, D, F, H, J. 

70 0. 0. pepsin-HOl added to O, E, d, I, K. 

Plank 4 contained bt no cin, 
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of peptic digestion and of autolysis. Number 
| 00. N/10 NaOH required to neutralise. | 


. Time in ds | 

A 2˙1 2˙1 2˙1 2˙1 q 
B 015 O18. 018 O16 0, 02 035 05° OF 10 
0 2˙8 3˙8 4˙1 4˙3 4˙5 47 5˙0 5˙6 
D 0-2 0˙2 0˙2 0-2 025 028 065 1-0 1:7 23 
97 355 3 ˙9 4˙0 4˙1 41 45 5-0 5°7 64 
F 02 02 O28 02 035 088 OF 105 15 1-9 
G 305 3663 3˙9 3·9 8-9 44 46 60 59 6˙5 
H O15 02 0-2 02 05 1-0 1-4 2-0 
I 28. 85 3550 855 38 895 44 49 55 6-2 
J 0-2 0-2 0-2 0-2 0˙3 0-4 0-8 1-1 15 2˙4 
K 3-0 355 478 4˙6 4.7 4˙9 59 7˙4 8-2 


In the controls the turbidity was never lost, In the digestion flasks the fluid was 
quite clear, except in those in which the preliminary heating was at 100° C., where there 
was a slight residue. 

Residue. Mörner's test—brown on heating. Knoop's test—light rose colour. Tyrosine 


was not detected by Abderhalden’s method. Co e 
results.) 


Discussion of the results on peptic digestion. 
The experiments given above confirm the view already expressed by 


various observers, that the action of pepsin can be divided into two 


periods, one in which the proteins are dissolved, and a later one in 
which they are split up into simpler bodies. As a rule, the increase 
of acidity of the digestive mixture, i.. the increase in the amount of 


amino-acids formed, is most marked from the 13th to the 20th day. 


The increase however goes on 5 to the 40th day, the last day of my 
observations. 

Fig. 1 shows the course of the rate of digestion of the proteins 
which had not been heated, measured by e s method, and 
expressed in c. 0. N/10: NaOH. 

It will be seen that the rise of the curve is postin after eight days’ 
digestion of white of egg, gelatine and beef, and that it was n 
almost throughout in the case of fibrin and casein. | 

The effect of beating before digestion. varied with: the different 
proteins, In thé case of ovalbumin (Exp. 1) the greatest formation of 
amino-acids was with the crude substance, and the formation decreased 
in proportion to the temperature to which the ovalbumin had been 
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exposed. It decreased also in general as the duration of the preliminary 
heating was more prolonged (see Table II). At 100°C. after 40 days 


digestion, the acidity was greatest in the sample which had been heated 


for two hours and the minimum in that which had been heated for five 
hours; it was intermediate between these in the sample which had been 
heated for nine hours. At 140°C. the maximum acidity was greatest 


in the sample which had been heated for two hours, less after five 


hours’ heating and least after nine hours’ heating. 125 


80 
| 
8 


CASEIN 


8 — 
— 


Time in 
Big. 1. Digestion of crude (unheated) proteins. cae 


4. Lf 1 1 1. 


With gelatine (Table III) previously heating to 100°C. increased 
the rate of acid formation, but the rate decreased with further rise of 
temperature up to 140°C. At this temperature, the number of cc. 
N/10 NaOH was ‘6 less than with the unheated gelatine. With fibrin 
(Table IV) there were two optima of the preliminary heat, one at 80° C. 


and the other at 140°C. 
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With beef (Table v A) preliminary heating to 80°C. increases the 
bron of of and beating above this decreases it up to 

With casein (Table VI) the greatest formation of acid occurs with 
the unheated, and with that heated to 140°C. The least formation 
oceurs with preliminary heating of casein at 80°C. and to 120°C. 
Preliminary heating at 100°C. led to a slightly greater acid formation. 
I have only commented on the results obtained after 40 days digestion, 
since these offer less difficulty in interpretation, 

My experiments lead me to think that a direct proportionality exists | 

between the solvent and the proteolytic action of pepsin in the case of 
ovalbumin (cf. Linossier an). So far as it occurs, Sérensen’s method 
has practical value in determining the effect of preliminary heating on 
the solvent action in peptic digestion. 
The tests applied to the residue after 40 days’ digestion showed the 
presence of proteoses, peptones and amino-acids. The biuret reaction 
was pinkish red, whilst it remained violet in the controls. It may be 
mentioned that the development of the reaction was, as in Vernon's 
experiments un, remarkably delayed. Although amino-acids were certainly 
present, Hofmann’s, Piria’s, Scherer’s and Mörner's test did not give 
clear results, this I attribute partly to the great dilution of the solution 
and partly to the presence of numerous other digestive products. 


TRYPTIC DIGESTION. 


The question of the effect of preliminary heating of proteins on 
their digestibility by trypsin has, as I have mentioned above, been 
investigated by Tallarico. He obtained trypsin from the duodenum 
of the pig. The proteins he experimented with were white of egg, 
beef, veal, and fish. These were heated for 15 minutes before adding 
trypsin—a time which I am not quite sure is adequate to ensure complete 
heating throughout. His solutions were made alkaline with Na, CO, 
Since one of the main objects of my experiments was to compare the 
effect of preliminary heat on peptic and tryptic digestion, I have used 
the same proteins in both cases. e n 
filtered solution of Merck 's“ pure trypsin.” NaOH was added to the 
solution in such quantity that the alkalinity corresponded (except in 
the controls) to 5 p. C. Na, CO,; the alkali was employed instead of the 
alkaline salt because * latter interferes, bial the ee 
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The digestion was carried on at a temperature of 38°C. instead of at 
45°C. as in Tallatico’s experiments and in my own peptic experiments: 
In all other respects the method was the same as that in as oc 


OVALBUMIN. 


50 be. of the solution were placed in each of the flasks O to L. 
Cand D leſt at room emp. Tand J at 1307 C. for 20 mins. 
E and F at 80°C. for 20 mins. ene „ 
G and H at 1000 C. 
After heating the solutions were neutral, 
To O, E, G, I, K, trypsin solution 3·1 normal NaOH added. 
To D, F, H, J, L, 50 ¢.c, salt solution added, 
The control 4 contained 60 salt solution +50 NaOH. 


TABLE VII. 

Number of C.0. wno NaOH required to 

2 ˙5 2˙7 9 ˙2 
4°38 4°7 49 52 

C (b) 0-4 05 0˙6 0°6 

E (b) 04 0s 0°5 0°65 

H (a) 10˙8 

06 
L 79 79 9˙3 


0 The same unsltered milky appearance, — 
‘ The data of the above Table are shown graphically in Fig. 2. 


Exp. 8. Flasks 50 0. o. wile wc ata ad 


follows: 
d.and B heated af 100° d. for 3 lire. 0 and H heated to 140° ©. for 9 hrs, 
and 75 K and L 99 ” 


9 E B, D, F, H, J, L, 50 6.0. 2 p.c. trypein 4 21 0.0. N/l NaOH added. 
To A, C, E, d, I, X, 50 0. 0. salt solution added. 
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15 77 77 
ſume in tours — 
‘Pig. 2. Digestion of egg- white. 


— 


1 


duration of the beating. umber 40. 
NaOH required. 
Time in hours 
B 79 8°7 9˙1 
Cc 0°45 0-6 0-6 
6˙2 8˙8 
8°6 
0°45 0°55 0˙ 6 0˙6 
H 73 82 86 91 
0°45 05. 0-6. 06 
6-3. 80 9-4 9˙1 
K 0˙4 0˙4 0-5 
L 6˙8 75 9˙1 


flakes by heating, persist daring at least seven days. 
remained, 

The results are shown graphically in Fig. l. 
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on 
Fig. 8. Digestion of egg-white. 
Time of heating: 15 mins., 2 hrs., 5 hrs., 9 hrs. 
H. 100° ©. preliminary heating at 100° C. 
H. 140° C. 140° C. 
GELATINE. 
Exe. 9. 6 grams of commercial gelatine were placed in each flask and dissolved in 
50 0.0. distilled water. : 
C and D left at room temp. .' . | Fand J heated at 120° C. for 20 mins. 
To D, F, H, J, L, 50 0.0. 2 p.c. trypsin . 21 c.c. N/l NaOH were added. 
To C, E, G, I, X, 50 c.c. salt solution added. 
Control A contained 50 c.c. trypsin sol. + 50 0. o. salt solution. 
tn! 


TABLE IX. 
Humber of Ino to 
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In the samples C, E, d, EE 


Fig. 4. 15 hours’ digestion of gelatine. 


FIBRIN. 3 
Exe. 10. 1°5 grams of ground up raw fibrin and 50 c.c. distilled water placed in 
flasks A—L. 
C and D left at room temp. : IT and J heated at 120° C. for 20 mins. 


and F heated at 80°C, for 20 mins. K and L „ 140 0. 
and „ 10°C „ 
Solutions neutralised to litmus with NaOH. 

To D, F, H, J, L., 50 0. 0. 2 p.c. trypsin sol. + 2°1 0. c. vn NaOH added. 
To C, E, d, I, K, 50 b. o. salt solution added. n 

Control A contained 50 0. o. trypsin sol. +50 0. c. salt sol. s 3 

Control B contained the same solutions + 2°1 c. c. N/1 


TABLE X. 
Number of cc. N/10 NaOH required | to — 
Time in hours 
4 40 4°9 50 
B 17 2°6 2-8 2˙8 
0 0˙2 0˙4 12 1˙2 
D 4°9 18°65 14-7 15°6 
E 0-2 0-4 2 8 
F 3˙9 13°6 15˙7 16˙4 
G 0-2 0°25 0-8 8°4 
H 8-7 13-4 15-0 15-9 
I 0˙2 0°25 0°8 
13°1 13°9 15˙⁰ 
K 0˙2 02 0°4 
L 8-2 13-1 15•1 16-2 
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the following seven days. 


loo d. 
hak 
bat 


Cricd, 
h. at Fo 
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Fig. 6. 16 bound digestion of fibrin. 
BEEF. 


flask. 
A and B left at room temp. 
C and D heated at 80° C. for 20 mins. Iand J „ 140°C. 
E and 7 „ 100° C. as 


were taken from and the ncidity entimated, 
and D „ ‘35 is 
E and F 4 


Solutions to litmus with NaOH, 
To B, D, F, H,. J, 50 0.0. 2 p.c. trypsin sol. 2˙1 C. c. N/l NaOH added. 
To A, C, E, G, I, 50 0. o. salt solution added. 


Fibrin swelled: in C, E, d, 1 and k. and after that time de granules gradually 
after 15 hours, which remained for 


Exe. 11. 5 grams of finely divided lean beet and 50 c.c. distilled water placed in each 
G and H heated at 120°C. for 20 mins. 


” 


A and B require 2 c.c. N/10 NaOH. @ sod ruire “Xt N/10 NaOH. 
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TABLE XI A. 


+ 


cc. N/10 NaOH to 


Time in hours * 
Solution 156 
08 EOS 
B 12-9 186 
Cc „ 
7˙4 12 ˙8 
E 0˙7 1˙1 
F 66 140 
G 0°5 10 
H 7˙7 
1 0˙4 0°6 
J 5-4 14-4 


The results presented in Table XI are inconclusive in the second column, as putre- 
faction took place after 24 hours’ digestion, in spite of addition of thymol in one series 
and toluene in the other. For this reason I did not carry my observations further. 

In the following Table are given the differences of c. o. decinormal NaOH corresponding 
to tryptic digestion, and to the samples where trypsin had not been added. 


TABLE XI B. Differences between the acidity due to tryptic digestion, 
: and that due to autolysis. 


Diff. 16 hours 
= 70 
= 53 
G—H 7˙2 
I—J = 5˙0 | 
worthy: 5 


50 o. o. of water placed in each flask. The solutions gave a slight acid reaction to litmus, 


A and B left at room temp. d and E heated at 120°C. for 20 mins, 
end D heated at 80° C. for 20 mins. 
E and F 95 100° C. ” 


To B, D, F. H, J, tein NAOH 
10 A, O, E, G, I. 50 de. salt sol. added. 
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TABLE XII. 
Number of cc. N/10 NaOH required to neutralise. 


A of... 0-4 0-4 086 
B 46 5˙2 5˙8 6˙1 
0 9018 05 0˙5 0-6 
D 4˙8 5˙4 
E „„ 0°5 0˙5 
F 4˙7 5˙2 5˙7 
G 0˙8 0˙8 05 
H 41 47 5˙2 5-7 
I 025 05 05 O05 
9 
2 2 


Fig. 6. 15 hours’ digestion of casein. 


It will be seen from Table VII and Fig. 2 that when egg-white is 
heated to 80°C, before treatment with trypsin the tryptic activity is in- 


creased ; when heated to 120°C. it is somewhat less than when heated to 


80°C. and that when heated to 140°C. there is again an increase in activity. 


After heating at 140°C. the 9 cc. more N/10 NaOH is required to. 


neutralise the solution than with unheated egg-white. These results 
are not in harmony with those of Tallarico, who found an orderly 
liberation of amino-acids up to 130°C. and a rapid increase from 130° 
to 140°C. 

Nor do I get the same results as Tallarico with regard to the 
effect of the duration of the preliminary heating. Thus in Fig. 3 
(cf. Table VIII) the curve of digestibility as shown after 15 hours’ 
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digestion, rises from 15 mins. to two hours when the preliminary heating 
was at 100°C. and decreases when it was at 140°C. In both cases the 
curve falls from two to five hours and rises again from five hours to 
nine. In Tallarico’s observations«) the acidity of the solutions de- 
creased up to eight hours, but it must be noticed that 100° C. was the 
highest temperature at which he experimented. 

In the case of gelatine it will be seen (Table Ix and Fig. 4) that 
preliminary heating up to 140°C. favours tryptic digestion. The effect 

of heating fibrin (Table X, Fig. 5) is however the reverse. 

Looking at Table XI one finds that raw beef is easier digested than 
boiled. These experiments however are doubtful owing to the fact 
that putrefaction took place after 39 hours’ digestion. Tallarico has 
pointed out that beef after being heated at a higher oe is 
sometimes less digestible than before being heated. 1 

Casein (Table XII and Fig. 6) increases in digestibility. by 
previous heating to 80°C. but on further heating up to 140°C, the 
digestibility decreases. . 

The experiments given in Tables VII to XII show clearly; as 
would be expected, that the amino-acids in solution increase with the 
duration of digestion. It will be noticed that in the second column of 
Table X, the number of cc. of N 10. — — was ) three times 
that of the first column. : 

The tests made in the mixtures after seven e 3 gave 
results which were not greatly different 1 0 those obtained aſter 40 
days of peptic proteolysis. 

1. Sérensen’s formaldehyde method was . to ‘the til of the 
influence of heating upon the peptic and tryptic digestion in vitro of 
white of egg, gelatine, fibrin, beef and casein. oe 

2. The number of c.c. sodium hydrate required to neutralise the 
digestion mixture increases clearly after the 13th day of peptic digestion 
of ovalbumin and gelatine; also in the 8th day of beef; and after the 
2nd day digestion of casein and fibrin. | 
3. The above results, as could be foreseen, gave no clear conclu- 
sions about the digestive activity of pepsin, but they decisively bear 
out the view of the slow liberation of amino-acids groupings by this 
enzyme, 

4. Preliminary hatin of -egg-white at cat to 140°C, mah es 


trypsin proteolysis more active. 
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5. Preliminary ‘heating increases the tryptic 1 of =e. 
casein and beef, and decreases that of gelatine. © 
6. The amino-acids groupings in aye solutions increase after 
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15 hours digestion. 
with the greatest pleasure I take this 8 of expressing | ; 
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THE INNERVATION OF THE ADRENAL GLANDS. 
By T. R. ELLIOTT, M.D: 


From the Research Laboratories of University College 
Hospital Medical School.) 


‘Recent work has proved beyond doubt that the splanchnic nerves 
control the excretion of adrenalin from the adrenal glands, and that the 
curve of blood pressure rise caused by their electrical stimulation is the 
resultant. of two components, namely the direct reaction of the vascular 
muscles to the nervous stimulus and the secondary effect on the heart 
and blood vessels of the adrenalin thrown into the circulation. This 
fact, that the splanchnics contain glandular secretory nerves for the 
adrenals, revives a question of great morphological interest. Langley’s 
analysis of the known glandular nerves, whether they be for the secretion — 
of sweat or saliva, proved that all conform to the type peculiar to the 
autonomic system, a ganglion cell relay being placed on their path 
between the spinal cord and the peripheral gland cell. Gland cells 
with such innervation naturally belong to the peripheral tissues of 
the body. 

15 But the embryological observations of Balfour, and their enlarge- 
a ment by Kohn and others, have suggested that the chromaffine cells of 
the medulla of the gland are derived from the same tissue as that which 
gives birth to the sympathetic ganglion cells, and that in consequence 
of this higher parentage and their habit through life of close association 
with the nerve cells, they should be ranked above the simple glands. 
If this be true, the chromaffine cell must be directly innervated by 
“preganglionic” primary nerve fibres from the spinal cord and there 
should be no intercalated ganglion cell relay. The adrenal medulla, 


8 despite its glandular functions, would not belong to the peripheral gland 
group but would lie on a level nearer to the central nervous system, 


1 Working under the tenure of a Beit Memorial Fellowship. Towards the expenses of 
this work a grant was received from the Graham Research Fund of London University. 
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7. R. ELLIOTT. 


and be in reality a derivative of ganglion cells that had taken on 
secreting functions. 

The evidence that I wish to put forward on this point is not 

conclusive, but it does suggest that ganglion cell relays are not present 
on the glandular nerves. 
It is a familiar observation that the intravenous injéction. of nicotine 
into a cat completely abolishes all blood-pressure reaction to stimulation 
of the splanchnics'. But nicotine does not hinder the response to 
intravenous injection of adrenalin, Therefore nicotine must paralyse 
the splanchnic nerves that should cause excretion of adrenalin. 

It might be objected that the momentary stimulation caused by the 
first injection of nicotine is so intense that it completely exhausts all 
the available adrenalin, and leaves none to appear when the splanchnics 


are subsequently faradised. That cannot be upheld. It is difficult to 


exhaust the glands by nervous stimulation, and this certainly could not 
be done by the transient stimulus of nicotine. As evidence on this 
point may be quoted the following experiment. Both splanchnics were 
cut within the thorax of a cat, from which the right superior cervical 


ganglion had been removed three months previously. The peripheral end 


of the left splanchnic was then stimulated ; and the pupil dilated while 
the ear vessels constricted in response to the adrenalin excreted. The 
stimulation was repeated every five minutes, being on for three and off 


for two minutes. After 80 minutes, that is with a total stimulation 
of about 50 minutes, the left splanchnic could still cause some 


adrenalin to be excreted and dilate the eye, though it was not so 
effective as the resting right splanchnic, There was no difference 
ultimately between the two glands in the depth of chromaffine stain. 

I The block caused by nicotine was proved by Langley to lie in the 
ganglion cell relays. But that does not mean that the process of 
necessity takes place in the ganglion cell as such, and that the block 
proves the presence of a ganglion cell. It may quite well be that the 
stimulation and the paralysis by nicotine both occur in a part of the 


innervated cell which has developed a peculiar biochemical sensitiveness — 
on account of the union with it of a preganglionic primary nerve from 
the spinal cord’, that is a receptive substance corresponding in its 
features with the myoneural junction at the periphery. All the 


primary synapses on the efferent paths outside the spinal cord show 
this peculiar reaction to nicotine, and nicotine will consequently block 


1 Of. details given by Langley. This Journal, xx. p. 228. 1896, 
Elliott. This Journal, xxxv. p. 487. 1907. : 
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the splanchnic control of the adrenals whether the primary synapse 


be with a e cell or — with a chromaffine cell of the 
medulla. 
The external nerves to the cat's 8 are derived chiefly from the 


splanchnies, but also from small bundles which run directly to the gland 


from the lumbar sympathetic chain. Small and large masses of ganglion 
cells can always be found closely attached to the surface of the gland, 


especially at the hilum facing the semilunar ganglion, where the 
‘medulla often extrudes a sheet of chromaffine cells almost to the surface. 


But the internal bundles of nerves, which run through the cortex 
and then break up into smaller leashes in the medulla, where they 
accompany the vessels and ultimately ramify among the nests of chro- 


maffine cells, are chiefly myelinated. This can be easily recognised in 
frozen sections stained with haematoxylin and Scharlach, where the 


myelin sheath appears as a pink ring; and it is corroborated by the 
use of osmic acid. There is a rich supply of myelinated nerves, chiefly — 
small and medium sized, to the medulla of the gland. Within the 
medulla ganglion cells are occasionally found, but in the cat they are 
very rare, and their number does not correspond with that which would 
be expected if the myelinated nerves were destined to unite with them. 
The myelinated nerves might be postganglionic, for Langley bas 
given several instances of the presence of a myelin sheath on post- 
ganglionic autonomic nerves. But this possibility was definitely 
excluded by the proof that the nerves degenerate into the very heart 
of the medulla after section of the splanchnic trunks. i 
By a lumbar incision the splanchnics were divided immediately 
-below the diaphragm, that is at least a centimetre above the semilunar 
ganglion. The lateral nerves from the lumbar sympathetic chain were 


- untouched. Nine to ten days later the cat was killed, and the gland, 


nerves, and ganglion stained with osmic acid. 

Fragments of the nerves were first cut out and teased: in these 
extra-glandular nerves degeneration was found right up to the surface 
of the gland. There was, therefore, no cell relay in the semilunar 
ganglion. Next, an attempt was made to trace the degeneration within 


the gland itself. This presented difficulties, that were never quite 


removed, Osmic acid penetrates badly. It makes the tissue brittle, 
so that an entire section of the gland cannot be cut with such certainty 
as to give a series. Embedding in gelatine was found: useless, because 
the process spoiled the sharpness of the osmic stain; and the same was 
the result with paraffin. The Marchi method also ‘failed, insomuch as 
19—2 
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the degenerated nerves could not be distinguished with 3 from 
the black stained granules of the cortical fat. 


The clearest staining was that given by simple osmic acid, about 


0'3°/,, with or without preliminary fixation in formalin.. Sections were 
cut with the Aschoff freezing microtome, the knife being wetted with 


water. The myelinated nerves are then seen in conspicuous black 


against the light brown background of the cortical cells. The bundles 
run right through the cortex, and break up in the medulla. Degenera- 
tion could be recognised with absolute certainty, where the bundles 


chanced to be cut parallel to their length. It extended into the 


medulla, and it affected all the nerve fibres of a bundle’. Some 
bundles escaped entirely, being presumably those of the lateral fibres 
from the lumbar sympathetic. 

An attempt was made to ascertain whether any afferent fibres were 
present among the intra-glandular nerves, since it was possible that 
these might be the actual myelinated fibres in which degeneration was 


seen upon section of the splanchnics, whereas the efferent fibres might 


lose their myelin sheath below a supposed cell relay in the semilunar 


ganglion and so fail to be detected by the osmic stain. The latter 


possibility with regard to the efferent nerves could have been settled 
by cutting the anterior roots alone over several segments, and noting 
whether the degeneration extended into the gland as it does after 
section of the splanchnics. I preferred the direct method of tracing 
the afferent fibres themselves. This could not be done by Langley 
and Sherrington’s method of cutting both posterior and anterior 
spinal roots and then counting the undegenerated fibres, because the 
total extent of the spinal root innervation of the adrenals was unknown. 


Instead of this, the posterior root ganglia themselves were excised 


without damage of the anterior roots. When the 5th; 6th, 7th and 8th 
thoracic ganglia were removed on one side, degeneration in the adrenal 


nerves: did not result in two cats, although the splanchnics contained 


a very large number of degenerated fibres. These observations are too 
meagre to justify the total exclusion of afferent fibres. But they do 
serve to establish the important point that the intra-glandular myelinated 
nerves under discussion are not all afferent, and that therefore 
the argument from degenerative section of the splanchnics can be 
applied. 

i Fusari, Arch. Ital. de Biol. xvi. p. 268. 1891, confirms the observations made by 
Bergmann (1839) and Gottschau (1883) that nerves may dive through the cortex of 


the gland, and emerging pass on to the semilunar ganglion. The degenerated bundles 
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CONCLUSION. 


Section of the splanchnic nerves causes the myelinated nerves of the 
adrenal gland to degenerate up to their endings in the medulla. Since 
few, if any, of these glandular nerves are afferent, it is clear that the 


primary synapse of the efferent fibres must lie in the medulla. Here 


ganglion cells are rarely found’, and the myelinated fibres seem to 
branch and run directly to the nests of chromaffine cells. So it appears 
probable that the latter are directly innervated from the primary 
“preganglionic” nerves without the intervention of a ganylion cell. 
Clear proof of this probability requires more detailed histological study 
than I have been able to make. It is necessary that special stains 


should be used to trace the degenerated nerves up to their terminal 


ramifications, 

In the descriptions that have been given by pure histologists of the 
innervation of these glands, attention has not, so far as I am aware, 
been definitely paid to the question of how the ganglion cells are related 
to the entering nerves. Fusari and Dogiel* found that ganglion 
cells are rare in the medulla of the mouse and rat respectively, and 
Dogie! observed that they are rarer in the cat than in the rabbit. 
Giacomini’, using the rapid Golgi method, described in birds a rich 
nervous supply to the medullary cells, while the cortical cells were 
almost naked of such. Numerous sympathetic cells were seen on the 
outside of the gland, but.few within. The question of the ganglion cell 
relay was not clearly considered, but Giacomini decided against 
Kohn’s view. because the nerve terminations about the chromaffine cells 
resembled those found in ordinary gland cells rather than — in 


ganglion cell synapses. 


1 By a complete series of paraffin sections I examined the entire adrenal gland of a 
cat, but I failed to discover any true nerve ganglion cells within the medulla. Prejudice 
and the tediousness of the microscopic search make it possible that some ganglion cells 
were overlooked, but they must have been few; whereas the entering nerves are many. 
It appears, then, that in the cat a clearer separation of the chromaffine from the ganglion 
cells has taken place than in other animals, and consequently it becomes possible to trace 
the degenerated fibres to one or other type of cell. What might be regarded as a more 
primitive type is occasionally seen in accessory adrenals attached to one of the cat’s 
splanchnic ganglia, where chromaffine cells and nerve cells are intermingled, but at the 
edge of the ganglion an offshoot of chromaffine tissue is capped by a mass of cortical 
cells, just as in the Monotremata. This Journal, xxxiv. p. 358. 1906. | 

2 Arch. f. Anat. u. Physiol, Anat. Abtheil. p. 90. 1894. 

Acad. dei Fisiocritici di Siena Nov. 24. 1897. 
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With this reservation that the final microscopic proof is still needed, 
one would then place the medullary chromaffine cell on the same level 
as the sympathetic ganglion cell. Ganglion cell and“ paraganglion 
cell have a similar embryological derivation: they have a like innerva- 


tion: and they have the same action on the peripheral tissue, which 


the one affects directly by the nervous impulse and the other by 
_ adrenalin excreted into the blood stream. Their present anatomical 
separation may be the index of a differentiation of functions which 
were once held by the two in common, when the adrenalin liberation 


was a part of the nervous impulse’ and the “paraganglion” cell was 


a part of the ganglion cell. 
1 Elliott. This Journal, xxx1, Proc, Physiol, Soc. p. xx. 1904. 
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ON THE ACTION OF ERGOTOXINE: WITH SPECIAL + 
REFERENCE TO THE EXISTENCE OF SYMPA- 
‘THETIC VASODILATORS. Br H H DALE 


the Wellcome Physiological Research 
Herne Hill.) 


THE observation, that small doses of adrenine have frequently a 
depressor instead of the more familiar pressor action, is probably 
common to the experience of many who have had frequent occasion to 
observe the action of varying doses of this substance on the blood- 
pressure of carnivora. Several observers have recorded the phenomenon 
incidentally (Cushny', Elliott and Durham’, Chiari and Fröhlich). 
Cannon and Lyman‘, who, in a recent paper, discuss the meaning of 
the effect, and emphasise its importance in the regulation of blood- 
pressure under normal conditions, quote a number of other publications 
in which it is mentioned. They show clearly that it is not due to 
decomposition products or other impurities, but is a vasodilator effect 
of adrenine itself, and regard it as analogous to the vasodilator action 
produced, by any dose of adrenine, after ergotoxine has been given. 
This has always been my own assumption, when I have observed this 
normal vasodilator effect of adrenine, but I have been inclined to 
interpret the somewhat variable effect in the normal animal in the 
light of the relatively constant effect seen after ergotoxine. Cannon 
and Lyman appear to argue in the reverse direction, and, finding that 
the vasodilator action in the normal animal is only obtained when the 
arterial tension is above a certain critical level, conclude that the action 


cet ergotoxine is simply to raise the arterial tension above this critical 


level, when it has been otherwise depressed. Such a rise of arterial 
tone is undoubtedly a factor in the apparent effect of small doses of 


1 This Journal, xxxvu. p. 137. 1908. 

2 Ibid. Xxxxv. p. 494. 1906. 

8 Arch. f. exp. Path. u. Pharmakol. Lxrv. p. 214. 1911. 
Amer. Journ. of 8 xxx1, p. 376. 1913. 
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292 H. H. DALE. 


ergotoxine, such as Cannon and Lyman employed; but, as an ex- 
planation of the reversing effect on adrenine action of full doses of 
ergotoxine, I believed that I had fully considered and disposed of this 
possibility in my first paper on the subject (cf. This Journal, xxxIv. 


p. 201. 1906 Another. inconsistent). As the point seems still in 


doubt, however, and as Cannon and Lyman suggest that I have not 
appreciated the significance of the critical level of pressure, it seems 
desirable to emphasise my previous statement by recording the details 
and illustrating the result of an experiment, in which an adequate dose 
of ergotoxine lowers the blood-pressure, and at the same time reverses 
the pressor action of adrenine. Cannon and Lyman attribute much 
significance to their failure to produce a fall of blood-pressure by 
stimulation of the splanchnic nerves after excluding the supra-renal 
glands from circulation. The recent work of Elliott and others, on 
the secretion of adrenine in response to stimulation of these nerves, 
made it further of interest to re-examine the effect of splanchnic 
stimulation after ergotoxine, in the absence of the supra-renal glands. 
I take the opportunity, therefore, of describing experiments on this 
point, and of quoting an experiment showing the effect of ergotoxine 
on the response of the ferret’s uterus, which further illustrates the 


- inadequacy of Cannon and Lyman’s conception of the action of this 


alkaloid, 
(1) ‘The vasodilator. action of adrenine after ergotowine, 
I have previously pointed out that, thou gh small doses of ergotoxine 


bave a primary stimulant action on the plain muscle of various organs, 


including the arteries, the effect soon passes over into a paralysis of 
motor sympathetic effects, so that normal tonic impulses to the arteries 
are blocked. After a certain low limit of dosage has been passed, 


therefore, further administration of ergotoxine merely hastens the fall 


of the arterial tone, to a level below that at which it originally stood. 

Hap. 1. (Of. Fig. 1.) The spinal cord of a cat was cut at the level 
of the second vertebra and the brain destroyed, as described elsewhere’, 
the animal being fully under ether until the destruction of the brain 


was completed. The arterial pressure was recorded from a carotid 
artery, and injections made into a femoral vein. With the blood- 


pressure at 130 mm. 0025 mgm. of adrenine was injected. The upper 
curve in Fig. 1 shows the resultant rise to 235 mm. Injection of 1 cc. 


This Journal, XII. p. 22. 1910. 
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of an extract of ergot, which was being tested, and which contained 
approximately 1mgm. of ergotoxine, caused a large rise of blood- 
pressure. As this was subsiding 4mgms. and then 5 mgms. of ergo- 
toxine phosphate were injected, making about 10 mgms. in all. Each 
of these later doses caused a temporary dip in the curve, which other- 
wise fell smoothly. When it had reached 110 mm. and was declining 
more slowly, OI mgm. of adrenine was injected, and produced the 
practically pure vasodilator fall of pressure to below 80 mm. illustrated 
in the lower curve of Fig. 1. The fact that cardio-acceleration slightly 


5 Fig. 1. Pithed cat: carotid blood-pressure. Upper curve shows effect of 0-025 mgm. of 
: ee adrenine before, lower curve that of 0:1 mgm. of adrenine after 10 mgms. of ergo- — 
toxti 
anticipates the vasodilatation, and survives it for a considerable period, 
5 accounts for the small initial pressor peak, and for the long, low rise of 
yj pressure, which follows the marked fall. The line drawn at the 


120 mm. level is common to the two curves, which have been mounted 
in vertical series for comparison. It is hardly necessary to emphasise 


5 the fact that a critical level of arterial tension, above which adrenine 
i causes vasodilatation, and below which it causes vasoconstriction, will 
eo not account for the reversal here exhibited. 

7 With smaller doses of ergotoxine, such as those used by Cannon 


and Lyman, the reversal of the adrenine effect is incomplete. Under 
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294 H. H. DALE. 
such conditions it can be observed that doses of adrenine which cause 


a fall of pressure, or a diphasic effect, while the pressure is still high as 
the result of the ergotoxine injection, cause a rise of pressure when the 


general level has again fallen; also that a small dose of adrenine may 
produce a fall, and a large dose immediately afterwards produce a rise. 
Even at such an early stage of ergotoxine poisoning, however, it will be 


_ found that a fall from high level is produced by doses of adrenine which 


always cause a rise in the normal animal, and that minute doses cause 
a fall from a level at which, before ergotoxine, they would have caused 


a rise. In other words, the effect of a small dose of ergotoxine is to 


lower the critical level of Cannon and Lyman. When a sufficient 
dose is given, as in the experiment quoted, the critical level approaches 
zero, in the sense that increasing the dose of adrenine merely increases 
the depth and persistence of the vasodilator effect, and that, however 
low the pressure falls, adrenine in any dose is incapable of producing 
vasoconstriction, though large doses may cause a small and prolonged 
rise of pressure from very low levels, owing to the incomplete extinction 
of the cardio-accelerator effect. 


(2) The vasodilator effect of splanchnic stimulation after ergotowine. 

In an earlier paper I described the vasodilator fall of arterial 
pressure caused by stimulating the splanchnic nerves after adequate 
doses of ergotoxine. Since then, however, the experiments of Asher’, 


Elliott? and others have shown that such stimulation accelerates the 
output of adrenine from the supra-renal glands. Elliott showed that 


this output of adrenine was responsible for the dip on the ascending 
limb of the blood-pressure curve caused by splanchnic stimulation in 
carnivora, and Cannon and Lyman have shown that splanchnic stimu- 
lation, in a cat with the abdominal viscera excluded from circulation, 
but the supra-renals intact, may cause a pure fall of blood-pressure, 
whereas, with the converse exclusion, they obtained only a rise, what- 
ever the state of the arterial tension, and whatever the strength or rate 
of stimulus employed. This failure to obtain a fall of blood-pressure 
by splanchnic stimulation, with the supra-renal glands excluded, they 
regard as strong evidence against the presence of a vasodilator admixture 
in sympathetic nerves. It is clear that, if my interpretation of the 
vasodilator action of adrenine after ergotoxine, as indicating such an 
admixture, is correct, it is to be expected that stimulation of the 
Zeitschr. f. Biol. p. 274. 1912. 
2 This Journal, xtav. p. 874, 1912. 
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splanchnic nerves, after an adequate dose of ergotoxine, will cause a 
_ vasodilator fall of pressure, even when the supra-renal glands are 
extirpated. On the other hand, in acobrdance with the general experi- 
ence, to which I have alluded elsewhere’, that adrenine exaggerates 
inhibitor sympathetic effects as compared with motor effects, it is to be 
expected that the vasodilator effect will be relatively smaller, and more 
difficult to separate from the normally predominant vasoconstrictor 
effect, with splanchni¢ stimulation than with adrenine. 

Hap. 2. (Cf. Fig. 2.) A cat was prepared as before and, in addition, 
the left supra - renal gland was removed completely, and the left splanch- 
nic nerves isolated below the diaphragm, cut, and made ready for 
peripheral stimulation, the exposed viscera being protected by pads 


Fig. 2. Pithed cat: carotid blood-pressure. Left supra-renal extirpated. Effeets of 
three ‘stimulations of left splanchnie nerves, and of adrenine, after 10 mgms. of 
soaked in hot saline solution. An initial control stimulation caused 
a pure rise of blood-pressure. Two doses, each of 5 mgms. of ergotoxine 
phosphate, were then given intravenously. The result of three stimula- 
tions of the left splanchnic nerves, with increasing strength of stimulus, 
as the pressure fell after the second injection of ergotoxine, is shown 
in Fig. 2. An injection of 0°1 mgm. of adrenine is interposed, for 
comparison of the effect. It will be seen that each splanchnic stimu- 
lation causes a fall of blood-pressure, quite definite, but very small in eom- 
parison with that produced by a moderate dose of adrenine. 

1 have performed this experiment four times, and with uniform 
result. There can be no question of an effect on the contralateral — 
supra-renal gland, as in two of the experiments both were extirpated. 
8 effect can only be ascribed to a ditget vasodilator effect of the 


1 This Journal, II. p. 54. 1910. 
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splanchnic nerves on the vessels of abdominal viscera’. The effect is, 
of course, comparable to the vasodilator action of the sympathetic nerves 
on the cat’s foot after ergotoxine, which I recorded in 1906 (loc. cit. 
p. 175), though the observation did not lend itself to illustration. The 
fact that the similar effect of pure: splanchnic stimulation, apart from 
supra- renal glands, has waited till now for its demonstration, is due to 
the fact that the participation of those glands in splanchnic effects has 
only recently been suspected. : 


(3) The reversal of the effect of adrenine on the ferret’s uterus. 


I have chosen this organ as suitable for experiment under the ideally 
simple conditions attained by isolation in a bath of “arm, opened 
Ringer’s solution. 


I showed in a previous section that adrenine lowers the blood- 


pressure after ergotoxine from a level lower than that from which, before 
. ergotoxine, it produced a large simple rise. It might conceivably be 
objected, though I think in this instance not correctly, that the 
blood-pressure is not a safe index of arterial tension, since cardiac 
output, blood-volume, and the state of the venous reservoir are also 
involved. 
In my earlier paper I showed that the internal anal sphincter 
relaxed aſter ergotoxine in response to stimulation of the hypogastric 
nerves or injection of adrenine, though its tone was lower than when 
the same stimuli earlier produced contraction. It might be objected 
that a fall of tonus could be simulated by slight displacement of the 
recording balloon, though I do not believe that such occurred. 
When an isolated horn of the uterus is fixed at one end to a rigid 
support and pulls by its other end on a lever, the problem of. registration 
is reduced to its simplest form; when rise of the lever indicates increase 
in the tone of the plain muscle, fall of the lever must indicate diminution 
of tone. I knew from previous experiment that the uterus of the virgin 
ferret, like the bladder in the same species“, gives a purely motor 
response to sympathetic stimulation, or to adrenine, which, in either case, 
is converted into an inhibitor response by ergotoxine. 


Dr Elliott informs me that he has also observed this fall of blood-pressure after 
ergotoxine, when the splanchnic nerves:are stimulated after removal of the supra-renal 

2 This Journal, xxx1v. p. 180. 1906. 

* Elliott. This Journal, xxxv. p. 867. 1907. 
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The horn of the ferret’s uterus, when isolated in warm oxygenated 
Ringer’s solution, naturally assumes a low or moderate tonus, with 
a rhythm, which increases, as a rule, with the period of isolation from 
the body. The effects illustrated in Figs. 3 and 4, were obtained from 
a horn which had already been for some hours in Ringer's: solution. 
The horizontal line across the tracings is continuous in the two 


A n 
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14 


Fig. 3. Isolated uterus of virgin ferret. At 4 0-1 mgm. of adrenine. 
At R fresh Ringer’s solution. 
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— Bt 


Fig. 4. Same as Fig, 3, after 2 mgms. Ergotoxine. At B 0-2 mgm. 
of adrenine. At R fresh Ringer’s solution. 


figures, and corresponds, therefore, to the same level of tonus in 
both. Fig. 3 shows the effect. on the uterus, which has acquired 
a moderate tonus, of adding 0˙1 mgm. of adrenine to the 250 C. c. of 
Ringer’s solution in the bath. It will be seen that a pure rise of tonus, 
with partial obliteration of rhythm, results. 

The adrenine was washed away with fresh Ringer 's solution, and, 
when the tone had returned to the original level, 2 mgms. of ergotoxine 
phosphate, dissolved, with the aid of a little soda; in 2 ¢.c. of water, 
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were added to the bath. The result was a slow, but steady fall of tone 
to the minimum, the rhythm disappearing also. At this stage adrenine, 
even in large doses had no effect at all; the motor effect was paralysed, 
and inhibition impossible, since relaxation was already complete and 
rhythm absent. The ergotoxine was washed from the bath by several 
changes of Ringer's solution, and the tone then very slowly rose again, 
a somewhat exaggerated rhythm also appearing. Doses of adrenine 


given at intervals now produced, in each case, a marked inbibition 


of both tone and rhythm. Fig. 4 shows one such effect, the result 


of adding 0-2 mgm. of adrenine to the bath at a period when, as the 
figure shows, the tone was still well below the level from which adrenine 
originally produced a motor response. By waiting till the tone has 


still further recovered it is possible to display a far more striking 
inhibition; but the effect at the stage illustrated better serves my 
purpose of showing, that the reversing effect of ergotoxine on certain 
motor effects of adrenine is not due to the increase of plain muscle 
15 tonus, which it causes in some cases; that it may reduce tonus, and 
reverse the effect. none the less. 


SUMMARY AND DISCUSSION. 


It has been shown by the experiments described above : 
(I) That ergotoxine does not reverse the motor effects of adrenine 
: hs producing high tonus of the plain muscle concerned. Experiments 
on the blood-pressure of the cat and the uterus of the ferret show that 
it may lower tone and yet replace a motor effect of adrenine by an 
inhibitor effect. 

(2) That stimulation of the splanchnic nerves, after an adequate 


dose of ergotoxine, may cause a fall of blood-pressure, though the 


supra-renal glands be removed. : 
My main concern is to remove any misconception which Cannon 
and Lyman’s paper may have created as to the nature of the action of 


ergotoxine. With regard to the more theoretrical question, whether 


the fact, that certain sympathetic motor effects are reversed by this 
alkaloid, indicates the existence of a mixture of motor and inhibitor 
fibres in the sympathetic nerves concerned, I have little to add to what 
I wrote in 1906. Strictly speaking it is impossible to demonstrate the 

presence of either motor or inhibitor fibres to plain muscle in a mixed 
nerve in which the other predominates, unless they can be anatomically 
separated at some part of their course, as, for example, by stimulation 
of nerve-roots. The effect of any drug, or other influence, which brings 
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out an effect in the opposite direction to that usually observed, may 
always be attributed to altered response of the plain muscle. It is 
perfectly legitimate to maintain that ergotoxine acts by thus changing 
the direction of the response of certain tracts of plain muscle to 
sympathetic nerve impulses or to adrenine, provided that the unchanged _ 


effect of other kinds of stimulus is emphasised, and that the change is 


not attributed to the production of a permanent condition of tone. On 


the other hand the theory, that ergotoxine reveals a mixture by 


selective paralysis of motor myoneural junctions, still seems to me to 
explain more, in the sense that it enables us to summarise a larger 
number of the facts known as to its action. It accounts for the facts 


. that, in many cases, where we have no reason to suspect an inhibitor 


admixture, ergotoxine causes merely a progressive and incomplete 
obliteration of a motor sympathetic effect; that where, on grounds of 
analogy from a related species, we have reason to suspect a masked 


inhibitor action, ergotoxine produces a typical reversal. It provides 


a meaning for the curious variations in motor and inhibitor activity of 
the series of amines closely related to adrenine, and the parallel 
variations in the ease with which their motor effects on certain organs, 


including the arteries, are reversed by ergotoxine'. The facts that the 


smallest doses of adrenine produce a rise of blood-pressure in the rabbit, 
however high the arterial tension, and that ergotoxine cannot reverse, 


but simply obliterates, the pressor action in this species, are intelligible 


on the view that the sympathetic supply to the arteries of this species, 
like that to its uterus, is of purely motor function, as contrasted with 
the mixed function in the dog and cat. And to me this seems an 
easier supposition, than to assume, as Cannon and Lyman must, that 
adrenine has an effect on the metabolism of arterial plain muscle in the 
rabbit, which differs fundamentally from that which it produces on 


arterial plain muscle in the cat and dog, but resembles its effect on 


other tracts of plain muscle in these carnivora. The effects of adrenine 
on extra-arterial plain muscle, whether of inhibition or augmentation, 
admittedly exhibit a close parallelism to those of the corresponding 
sympathetic nerves, and there seems but slender ground for assuming 


that the parallelism breaks down completely and singularly in the case 


of the vasomotor supply. There are, as I have mentioned already, 

numerous instances in which adrenine seems to produce inhibitor 

sympathetic effects with exaggerated prominence, but none other, so 

far as I am aware, in which it can be supposed to produce an inhibitor 
| 1 This Journal, XII. pp. 45-61. 1910. 
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action which is entirely unrepresented in sympathetic innervation. 
I have weakened one of Cannon and Lyman’s difficulties by showing 
that vasodilatation can be produced, after ergotoxine, by direct splanch- 
nic stimulation. Their other chief objection—the “ known organisation 
of the autonomic system ”—can hardly be admitted as valid. Instances 
for a nerve supply of mixed function, from one source, are not wanting 
in this system, as, for example, the cranial autonomic innervation of the 
stomach through the vagus. Nor, apart from the cases which they 
rightly exclude as doubtful, are we without an independent example of 
vasodilators of true sympathetic origin; the sympathetic supply to the 


coronary arteries’, the inhibitor effect of which is reproduced by 
adrenine“, must, I imagine, be accepted as belonging to the true 


sympathetic system. 
There is, indeed, no good evidence, apart from that furnished by the 


action of ergotoxine, for a mixed motor-inhibitor sympathetic supply to 
arteries in general; but, this being the possibility under discussion, 
its non-existence cannot be postulated as a feature of the “known 
organisation.” 


1 Maass. Pfliiger’s Arch. uxxtv. p. 281. 1899. 
2 Langendorff. Zentralb. f. Physiol. XXI. p. 551. 1907. De Bonis and Susanna, 
Ibid. xxm, p. 169. 1909. | | 
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THE RESPONSE OF THE RESPIRATORY CENTRE 
TO CARBONIC ACID, OXYGEN, AND HYDROGEN 
ION CONCENTRATION. By J. M. H. CAMPBELL, 
C. G. DOUGLAS, J. S. HALDANE anv F. G. HOBSON. 


Crom the Physiological Laboratory, Oaford.) 


Ir was found by Haldane and Priestley’ that while the oxygen 
pressure in human alveolar air can be varied widely without any 
immediate effect on the activity of the respiratory centre, extremely 
slight variations in the alveolar carbon dioxide pressure produce a 
very marked effect. In recent papers Lindhard*, and Lindhard and 
Hasselbalch’, have brought forward evidence which seems to indicate 
(1) that the respiratory centre in man is commonly much less sensitive 
to carbonic acid than Haldane and Priestley found; and (2) that the 
excitability of the centre for carbonic acid varies in each individual 
during health, and is governed by the existing pressure of oxygen in 
the alveolar air. The appearance of these papers has led us to make 
renewed investigations, as the matter is of fundamental importance 
in connection with the physiology and pathology of the lungs and 
kidneys. 

We have in the first place repeated, with fresh subjects, the main 
experiments of Haldane and Priestley on the effects of small rises in 
the alveolar carbon dioxide pressure. The subject of each experiment 
set at rest in an air-tight chamber of about 2000 litres capacity, and at 
intervals determined, with a gas analysis apparatus inside the chamber, 
the percentage of CO, in his alveolar air by the Haldane-Priestley — 
method, each determination being the mean from two samples, one 
at the end of inspiration and the other at the end of expiration. CO, 
was passed into the chamber through a meter at intervals until the 
final CO, percentage in the inspired air reached about 6%. In all 
experiments the atmosphere at the commencement was the normal 

1 This Journal, XXIII. p. 225. 1905. 2 Ibid. Xn. p. 387. 1911. 
Stand. Arch. F. Physiol. xxvu. 1911. 
rh. XLVL 20 
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one, the door being open and a powerful electric fan kept going; and 
in some experiments a second normal sample was taken after the 2 
oxygen percentage had been greatly raised in the chamber by liberation | 
of oxygen from a cylinder, an equivalent quantity of air being allowed 
to escape from the top of the chamber before mixing with the fan. 
After adding the required amount of CO, and thoroughly mixing with 
the fan, an interval of ten minutes was allowed to elapse before the : 
first alveolar sample was taken, the object of this delay being to allow 
the subject to get into equilibrium with the mixture breathed. A 
sample of the air of the chamber (the fan being kept constantly 
running) was taken midway between each two alveolar samples, and 
analysed outside. | 

The results are shown in Table I, and we have also included two 

of Haldane and Priestley’s original experiments for comparison with 
a fresh experiment on Haldane with a high percentage of oxygen. 
The relative alveolar ventilations in each set of observations are 
calculated as being inversely proportional to the difference in CO, 
percentage between the inspired and alveolar air. Thus if the inspired 
air contained no CO,, and the alveolar air 5°6°/,, the difference would 
be 5°6, and the corresponding alveolar ventilation would be taken as 
100. If, now, 3°/, of CO, were added to the inspired air, and the 
alveolar air were then found to contain 5˙8 %, the difference would be 


5˙8 —3°0 = 2°8, and the alveolar ventilation would be 100 x 72 = 200. 


This mode of calculation assumes that the discharge of CO, from the 
body is the same in both observations. As will be seen below, this 
assumption is only approximately correct, and some error must arise 
| from this cause. 
; On examining Table I several points are evident. In the first 
place individual determinations give results which vary considerably 
among themselves. Thus in the case of Douglas the calculated 
increase of alveolar CO, °/, required to raise the resting alveolar ventila- 
tion by 100 ½ varies from 0°18 to 0°42. This variability in individual 
determinations is, however, only what might be expected in view of the 
difficulty of sampling the alveolar air evenly. In individual determina- 
tions, even though they are each double, there may be variations of 
about 0:2 / from the mean alveolar CO, percentage under the conditions a 
of the experiment. An error due to this cause may entirely conceal 15 
a real rise in the mean alveolar CO, percentage. Thus in one of the f 
experiments on Haldane there was no observed rise in the alveolar 


— ᷑ — 


* 
a 
. 
fm 
2 
| 
| 
4 
* 
“ty 


1912 


1918 


1905 


1912 


1912 


1912 


RESPIRATORY CENTRE RESPONSE. 


TABLE I 
DOUGLAS. 
Alveolar 

air 

007% 
5°78 

5°94 

6°48 

768 

5°57 

5°39 


5 33 888 


| 
0, 
Date 07% 005% ventilation 
* 1911 20-98 0-03 100 — „ 
20°08 2-21 154 0:30 
19:39 4°51 292 0:35 a 
1824 6-82 6869 0-82 
4 1911 20°98 * 0-03 100 — 4 
56°41 0-55 114 
54°64 2-15 5-71 156 0-25 4 
58°25 3°97 6°11 269 0°34 
52˙15 5°70 689 8 448666 0-36 4 
20°93 0°03 5°54 100 3 4 
63°64 0°49 5-26 116 
4 6284 166 5°85 129 
59°54 4°29 5°86 851 0-1 a 
57-47 6˙65 7˙81 835 0-24 
(20°98 008 5-61 100 
18°90" 5°67 660 541 0-22 
4 18°65" 5°77 7°04 440 0-42 
18:30* 6-09 710 552 0-22 
4 * Approximate value. 4 
1 HALDANE. 
8 1905 20°98 0°08 5-62 100 q 
— 880 5:97 258 4 
20°98 0:08 5-71 100 3 
— 174 5°65 148 4 
— 898 6-03 277 
— 6°55 447 3 
| 20°98 0-08 5°72 100 7 
6162 0°47 5-69 109 2 
59°66 2°52 5-71 178 
| 57-91 4-70 638 355 
| 56°62 6°05 7-07 558 ‘ 
BOOTHBY. 
— 20°93 0-08 5-50 100 4 
20°37 2°10 5°63 155 
| 19°60 4:08 5-94 294 a 
18°74 5°77 6-84 q 
1 — 20:98 0-08 5°82 100 4 
40°51 0°59 5-24 114 
1 88-04 5°84 7-08 445 
87°65 G15 7.8 ‘430 4 
4 2 
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TABLE I (cont.). 
CAMPBELL. 
Increase of alveolar 
9% required to raise 
Inspired air Alveolar Relative pa be ventilation by 
| — air alveolar 
Date 07% 00. % 00% ventilation 
1913 2098 003 5°58 100 — 
64°21 062 5˙25 120 sin 
61-14 4-43 6-29 298 0-36 
60°01 5°83 6-90 519 0-32 
1918 20938 003 5°40 100 
52°10 0°56 5-21 115 — 
49-71 3-90 6-18 241 0-52 
48°31 6-81 6-85 516 0°35 
1918 20-98 0-08 5-41 100 
19°77 8°87 6°18 233 0-58 
18°95 5°41 6-82 382 0˙50 
HOBSON. 
1913 20-93 0°03 5:26 100 — 
19°80 3°66 5°65 268 0-24 
1880 5°33 6-23 581 0-20 
1913 20°98 0-03 616 100 
44°95 0°59 5-21 111 8 
42°65 4-16 569 335 0˙2³ 
41:72 5°76 665 577 0-26 


CO, percentage, although the CO, percentage in the inspired air had 


been raised to 2˙5 %. Even with a large rise in both the inspired and 
alveolar CO, percentage this source of error may affect individual 
results very greatly, as the difference between inspired and alveolar CO, 
is far less than when a lower percentage of CO, is breathed. If, for 
instance, Boothby’s fourth and seventh determinations are compared, 
it will be seen that though the calculated result differs considerably 
in the two cases, with nearly the same percentage of CO, in the inspired 
air, the assumption that an error of 0°2°/, existed in the alveolar CO, 
percentage would make the calculated results almost identical. It is 
clearly necessary, therefore, to judge, not from individual determinations, 
but from the average of a number of results. 

The average for the whole series (31 determinations) gives an 
increase of 0° 315%, i in the alveolar CO, percentage for a calculated 


inerease of 100°/, above the resting alveolar ventilation. In Haldane 


and Priestley's experiments the corresponding figure for the six deter- 
minations made was 235 %. It will be seen from the Table that the 


— 
- 
. 
a 
7 
ay * 
iy 
4 
4 
2 
8 
* 
2 
4 an * ¥ 
oe 
7 
& 
* 
4 
* 
* 
4 
2 
} 
2 
Xe 
+ 
7 
* * 
2 
* 
* 


RESPIRATORY CENTRE RESPONSE. 305 


results were practically the same whether ordinary air, or air very rich 
in oxygen, was breathed. Comparing oxygen with air, the results 
sometimes vary in one direction and sometimes in the other. The 
mean result is 30 % for air and 33 / for oxygen—figures which are so 
close that they may be regarded as identical. The results are wholly 
inconsistent with Lindhard’s conclusion that increase in the normal 
alveolar oxygen pressure greatly diminishes the excitability of the 
respiratory centre for OO,. To anyone practically acquainted with the 
effects of CO, when air containing a high percentage of Os, or with 
a high partial pressure of O,, is breathed this conclusion was already 


. incredible. There is much practical experience of this kind in connection 


with deep diving and the use of rescue apparatus for mining work, and 
one of the writers has frequently verified the fact that the hyperpnea 
produced is just as great whether the oxygen pressure is normal or 


high. We may also refer to the experiments on the subject by 


Haldane and Lorrain Smith“ and by Douglas and Haldane’. 


The oxygen percentage in the inspired air may be not only increased, 


but also considerably diminished without affecting in the slightest the 


hyperpnœa produced by CO,, provided that the increase of CO, is more 


or less proportional to the diminution of oxygen. 
On comparing the results for the different subjects it will be seen 
that they appear, on the whole, to indicate that there are individual 


differences in the sensitiveness of the respiratory centre to a given 


increase in the partial pressure of OO,. The average results vary from 
23% to 46 in the different persons. It is possible that these are 
real differences, wholly or partly; but in view of the possible sources of 
error we do not consider this as by any means proved. The degree 
and duration of rest during which the alveolar samples were taken 


was probably not the same in the different observations, particularly as 


the subjects had to make the analyses during each period of experiment. 
Hence the production of CO, might vary very appreciably, and more 
in some subjects than others. The period of exposure to the given 
atmosphere may also have varied a good deal; and this would also 
affect the discharge of CO,, as will be shown below. The actnal 
discharge of CO, may well have been nearly twice as great in some 
subjects as in others; and this would cause a corresponding error in 
the calculations. 
1 See Report of the Admiralty Committee on Deep Diving, Bluebook C. N. 1907. 


2 Journ. of Pathol. and Bacteriol. 1. p. 168. 1892. 
2 This Journal, XXXVIII. p. 426. 1909. 
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306 CAMPBELL, DOUGLAS, HALDANE AND HOBSON. 
The observations on Dr Boothby (to whom we wish to express our 


thanks for his co-operation) are of special interest, as he is a subject in 


whom forced breathing produces no apnea’. In spite of this fact he 
reacted in a perfectly normal manner to excess of CO, 

As mentioned above, we always allowed ten minutes to dius in 
a. given atmosphere before taking the first alveolar sample. From the 
previous experiments of Douglas and Haldane? we were well aware that 


some time must in any case elapse before the respiratory centre reacted — 


completely and steadily to any given change in the alveolar CO, 
percentage. We also knew that one effect of suddenly raising the 
alveolar CO, percentage is to cause a considerable damming back of 
CO, within the body, and that with a considerable rise, CO, will be 


actually absorbed at first. Hence the whole basis of our calculation 


would be upset unless a sufficient time were allowed to elapse before 
taking the samples; and we believed that ten minutes would be 
sufficient, as the breathing always seemed to have become pretty steady 
after ten minutes. We had purposely left to the end the task of 
determining any increase in CO, production owing to the extra exer- 
tion of breathing air containing the higher percentages of CO, 

In order to obtain an idea of the rate at which the respiratory 

centre responds to an increased percentage of CO, we made two 


experiments in which the subject (Douglas) breathed through valves 


and an easy-running dry gas-meter inside the chamber. The meter 


was read off every minute, so that the volume of air breathed in each 
minute was obtained. The results of one of these 1 were as 


follows: 


Pure air was first breathed after 5’ complete rest. 

Litres breathed in successive minutes, 8-5, 8°2, 8˙8, 8-8, 8°5. Mean 8°56. 3 

CO, was now passed into the bottom of the chamber, the subject remaining at rest. 
The process occupied 44 minutes, after which the fan was turned on, and observations of 
the meter begun again 15 seconds later. 

Litres breathed in successive minutes, 16-4, 278, 35˙5, 43-4, 42°8, 38°8, 360, 36:2, 
37°4, 86°5, 87-9, 36°8, 35-9, 38-8, 39°6, 88 ·5, 40-2, 40-2; 40 2, 41-9. 
„ 5°01 alla minute after the fan was started, and 6°15 at the 


It will be seen that the breathing reached a first maximum about 
the end of the fourth minute, and thereafter diminished considerably 


for the next three minutes, but gradually increased afterwards till the 
end of the experiment. The alveolar CO, percentage had rye 


2 Ibid, xxxvm1, pp. 401, 420. 1909. 
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risen quickly during the first two minutes, before the respiratory centre 
had time to respond in a corresponding manner. The result was an 
excessive response during the fourth and fifth minutes, so that not till 
about the seventh minute did the centre begin to act fairly steadily. 
After the seventh minute there was, however, a gradual rise, greater 
than could be accounted for by the slowly increasing percentage of CO, 


in the chamber, and indicating that more and more CO, was being 


given off, owing to diminishing damming back of CO, within the 
body. 
On opening the door of the chamber the 8 were continued, 


te fan being so placed that it cleared the chamber of CO, almost 


at once. This set of observations was begun 15 seconds after the door 
was opened. 
Litres breathed in successive minutes, 19-8, 10-8, 8°5, 7-6, 9°8, 8-5, 9°8, 9.8, 9-6, 9°6, 
9°6, 93, 9°6. 
It will be seen from these data that the breathing dropped to 
a minimum in the fourth minute, afterwards increasing again to a figure 
distinctly above the normal for pure air, and was still above the normal 
after 14 minutes. Evidently there had been an excessive diminution in 
the alveolar CO, percentage during the first two minutes, with a 


‘consequent excessive diminution in the breathing in the third and 


fourth minutes. The subsequent rise indicates that excess of CO,, 
stored within the body while the high percentage of CO, was being 


_ breathed, passes out very gradually afterwards. 


The slight “ hunting” of the respiratory centre, and the corresponding 
swinging about of the alveolar CO, during the first minutes after a 


sudden and large change in the CO, percentage of the inspired air, were 


what we expected in view of the previous observations of Douglas and 
Haldane; but we were somewhat surprised to find indications of such 
prolonged damming back of CO, while air rich in CO, was breathed, 


and retention of CO, when pure air was again breathed. To obtain 


more direct evidence on this point, and on the effects of hyperpnœa on 


the respiratory exchange, we made careful determinations of the respira- 


tory exchange before and during the breathing of air rich in CO,. In 
these determinations the expired air was collected over an accurately 
known period by means of the Douglas respiration apparatus. The 
subject (Douglas) remained at complete rest for five minutes before 
each observation. While the expired air was being collected a sample 
of the inspired was taken, the fan being kept running all the time, and 
the composition of the inspired remaining constant, since the expired 
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air was passing into the bag inside the chamber. The results were as 
follows: 


“TABLE IL 


Pure air breathed 20°93 16°76 888 818 248 765 
Third minute after CO, Pe : 19°42 18-24 ees 6-48 446 206 46 


Eleventh do. do. 43:2 1927 1830 599 654 466 225 48 
Eighteenth do. do. 466 1911 1824 610 675 447 #293 66 


It will be seen that the oxygen consumption was increased by 40 to 
50% by the increased work of breathing. On the other hand CO, was 
dammed back to such an extent during the first few minutes that the 
discharge of CO, was actually diminished in spite of increased production 
of CO, within the body. Even at the eighteenth minute this damming 


back of CO, was still evident, though the discharge was now 20% 


greater than when pure air was breathed. 
A previous experiment had been made in which the same scrupulous 


precautions had not been taken to avoid all exertion during the minutes 


preceding each observation. The results were as follows: 


TABLE. III. 
‘ > — 

Pure air breathed 799 2098 17:00 008 846 824 274 85 
Third minute after CO, 969 1956 1882 555 628 504 254 
passed in and 
Sixth do. do. 394 1950 1891 5:59 653 548 370 67 

Thirteenth do, do. 47-4 19°38 1844 575 642 450 308 686 


The damming back of CO, is just as evident. in this experiment as 
in the other one, but the respiratory exchange is markedly irregular, 
the oxygen consumption being greater in the second, and particularly 


the third, observation than in the fourth. This was evidently due to 


the fact that the very slight exertion of shifting the connections of the 


bags etc. had just preceded the observations, In the last observation 
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an interval of about five minutes of rest had passed before the bag 


sample was collected. Previously to this experiment we had not 
properly realised the great importance of the errors caused by incomplete 
rest, and by increased respiratory exchange owing to increased respiratory 
work, and we believe that in many of the experiments quoted in Table I 
the discharge of CO, must have been considerably greater than during 
rest, 80 that the real increase of alveolar ventilation was much under- 


estimated. 


On this point we can form a pretty accurate estimate from the data 
in the third and fourth observations of Table II, and the fourth of 
Table III, since in these observations the breathing had become fairly 
steady, and there was no disturbance from previous exertion. In these 


three observations the frequency of breathing was 27, 28, and 27, and 


the average depth of each inspiration about 2°0 litres, measured at 37° 
and saturated with moisture. To judge from the data of Douglas and 
Haldane’ (obtained on the same subject) the dead space, including. 


that of the valves, would be about 650 cc. during this amount of 


hyperpnœa, so that the difference between the inspired and alveolar 
CO, percentage would be about 50°/, greater than that between the 
inspired and expired air. Assuming that this was the case, and that 
(as shown by numerous experiments) the normal resting alveolar CO, 
percentage was 5°6 for Douglas, it will be found that in these experi- 
ments the volume of air breathed was increased by 100°/, for every rise 
of 0˙245 % in the alveolar CO, percentage. As, however, the alveolar 
CO, percentage during rest was 64%, and not merely 50°/,, higher 
than the expired air percentage, the alveolar ventilation in Douglas 
must have been increased 100% for every increase of 0°22°/, in the 
alveolar CO, percentage. The value calculated from the experiments 
in Table I was 0°28 %, and was thus nearly a third too high probably 
from the discharge of CO, being increased about a third by imperfect 
rest, and the increased CO, production on account of increased respiratory 
work. In some of the other subjects this error was probably greater, as, 
with the exception of Haldane and Priestley, they were much less 
familiar with the process of sampling and analysis. It is probable, 
therefore, that the true average value is about ‘22°/,, — to. 
a pressure of 1°5 mm. of CO,. | 

The fact that the process of damming back of CO, within the — 


was still quite appreciable after 20 minutes of breathing a mixture rich 


in CO, is at first sight somewhat surprising, as the average rate of 
I This Journal, XIV, p. 285. 1912. 
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circulation in man is about once a minute, even during rest. It must 
be remembered, however, that in many parts of the body the circulation 
is much slower than this, and that the total volume of extra CO, which 
would go into solution in the whole body if the partial pressure of CO, 
were increased by, say, 1°/, of an atmosphere must be very large. It 
takes from three to five hours to saturate the whole body with practical 
completeness up to a given increased partial pressure of nitrogen in the 
alveolar air’, though in this case the process must be much slower than 
in the case we are considering. 

The damming back of CO, is only one of the causes which prevents 
the respiratory centre from responding fully at once to a given increase 
in the inspired or alveolar CO, percentage. The other cause is that it 
takes an appreciable time for the centre itself to become saturated with 
CO, up to the new level. This effect is most clearly seen when there 
is only a moderate increase in the inspired CO, percentage, so that the 
damming back is only slight, and there are no violent swings in the 


action of the centre. In the following experiment we measured in 


successive minutes the volume of air breathed before and just after 
38 °/, of CO, had been added to - air in the chamber and mixed up 
with the fan. 


J⁵5B with pus alr, 6°8, 7/1, 
7.1, 79, 
minates, with 56 O0, in inaplred air, 9:8, 9°0, 
11-0, 18°B, 18-6, 14-1, 18°8, 18:8, 11:9, 14-4, 14-4, 18-9, 14-8, 15-0, 15-0, 14-4, 14-7, 15°6, 
15˙0, 161, 16°1, 15-0, 16°4, 15°8. 


The steadily progressive character of the response during the first 
five or six minutes is very evident. The percentage of CO, in the 
inspired air was 3°82 at the end of the first minute, and 4°05 at the end 
of the observations, 24 minutes later: The gradual rise of the inspired 
CO, would not completely account for the gradual continued increase 
in the breathing after the tenth minute, so that there was r 
some very slight damming back of COO, 

When the door was opened the observations were continued, the fan 
being so placed as to clear the air extremely rapidly from excess of CO,, 
with the result that one minute after the door was opened the inspired 
air contained sae 0°12 ‘f CO,—the same, probably, as the air of the 
room. 


Litto ot ae breathed in after doot opened 1-4, 16, 76 76 68, 
7˙4, 7˙4, 6-8, 7°6. 


1 Boycott, Damant and Haldane: Journ. of Hygiene, vnt. p. 842. 1908. 
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It will be seen that after the first minute the breathing dropped to 
a level only very slightly above that observed when pure air was 


from the rapid and very large drop which must take place during the 
first minute in the alveolar CO, percentage, with a corresponding rapid 
washing out of CO, from the blood. The amount of this washing out 
can be gauged roughly from the experiments recently — by 
Boothby*. 

In order to see the converse side of the gradual response of the 
respiratory centre to a rise in the alveolar CO, percentage, we made 
the following observations: the alveolar CO, percentage was first 
determined while pure air was being breathed, and found to be 5°50°/,, 
as the average of four analyses. CO, was then introduced into the 
chamber, and mixed with the fan, the percentage being 3°48. Samples 
ol the alveolar air were taken at intervals, in pairs (inspiratory and 
1 expiratory) at regular intervals from the time when the CO, was mixed 
1 with the air. The CO, percentages were as follows: | 
Samples at 1 and 14 minutes 6:15 „% 

90 6˙10 


72 5°99 
It thus appears that during the first few minutes, in which, as 
shown by the previous experiment, the breathing was gradually in- 
creasing, the alveolar CO, percentage, after the first minute, was 
| actually diminishing. This shows clearly that the centre took a 
i considerable time to get into equilibrium with the alveolar air. 
a The effect on the respiratory centre of a small lowering of the 
alveolar CO, pressure has not hitherto been experimentally. determined 
* with accuracy. Haldane and Priestley“ contented themselves with 
1 showing that apnea was not produced by a few deep breaths if the 
14 inspired air contained more than about 44% of CO,, but was produced 
a if there was less CO, in the inspired air. As with 4°4°/, of CO, in the 
inspired air the alveolar CO, would fall to very little below the normal 
percentage (5°6 for the subject of the experiment) it was evident that 
apnoea was produced by a very slight fall. Douglas and Haldane’ 
found that when apneea is produced by forced breathing of ordinary 
air the alveolar CO, percentage rises considerably above the normal 
resting percentage before the apnoa ceases, provided that want of 
1 Boothby. This Journal, xiv. p. 828. 1912. 
2 This Journal, XXII. p. 258, 1006. 1006. 
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oxygen does not assist in cutting short the apnea. Similarly, when 
hyperpnœa is produced by breathing an excess of CO,, or when the 
breath is held, the alveolar CO, percentage is abnormally low for some 
time afterwards, when pure air is breathed. They pointed out that 
these phenomena are evidently due to the fact that it takes some time 
for the blood to saturate the centre with CO, up to a higher partial 
pressure, or to desaturate it to a lower pressure. Hence one cannot 
draw any conclusion, from the pressure of CO, in the. alveolar air at 
the end of apnea produced by breathing ordinary air, as to the mini- 
mum CO, pressure required to excite the respiratory centre. As the 
best method of determining this value we have adopted the plan of 
first finding the maximum percentage of inspired CO, which will give 
apnoea after forced breathing continued evenly for at least one minute, 


and determining the alveolar CO, percentage at the end of the forced : 


breathing. The experiments were carried out as follows: 


The subject (C. O. D.) sat in the chamber, to the air of which about 8°5 % of CO, was 


added. Forced breathing experiments, each of one minute duration, were made at 
intervals as the CO, percentage in the air gradually rose in consequence of the CO, given 
off by the subject. A sample of the alveolar air was taken at the end of each second 
period of forced breathing, and the apnea and its duration were observed after the 
alternate periods. It was interesting to observe that none of the usual unpleasant 
symptoms following forced breathing of pure air were produced. The results were as 
shown in Table IV. 


TABLE IV. 

| Duration of Alveolar C03 % | 
905 seconds ater cinavired 
1.414 = 8-46 
1.44 85 — ‘ie 
1.48 40 4°73 — 

1.505 — 3˙60 
1.56} 35 
2.6 24 4-85 8-98 
2.12 27 
2.29 16 
2.37 12 5°39 4°61 
2.42 10 
2.48 8? 5-58 4˙78 
2.54 0? 
8.1 0? 5°72 5°08 
8.6 o 
3.9 0 — 5°25 


Before the experiment the normal perventage of OO, in the alveolar air was found to 
be 5°55 (average of four determinations). 


a 


2 


i 
— 
| 
“ad 
* 
her 
ae 
* 
* 
iz 
* 
4 
5 
7 
7 
2 
* . 
* 
72 
* 
5 


—— 


RESPIRATORY CENTRE RESPONSE. 313 


It will be seen that no apnoea at all was obtainable when the 
alveolar CO, percentage at the end of forced breathing reached or 
exceeded the normal resting percentage (5°55). When the alveolar air 
was at 5.39% there was a very slight apnoea. When the alveolar air 
was just above this it was hardly possible to say for several seconds 


whether there was any apnoea or not. The neutral point was at about 


54%. 

Since a rise of about 0.2% doubles the alveolar ventilation of the 
subject of this experiment we might expect that a fall of 0°2°/, would 
suffice to cause apnœa. The experiments entirely confirm this anticipa- 


tion, particularly if allowance be made for the fact that as the alveolar 
samples were taken at the end of forced expirations the CO, percentage 


was probably very slightly too high. 

The fact that no apnoea whatever can be produced if the alveolar 
CO, percentage is not reduced below the normal value is a further 
confirmation of Haldane and Priestley’s conclusion that there is no 
such thing, at least in man, as so-called“ vagus apnoea,” or apnoea caused 


by summation of the Hering-Breuer inhibitory stimuli due to dis- 


tension of the lungs. 
As a result of our experiments it appears that a rise or fall of about 


0˙22% or 15 mm. in the alveolar CO, is sufficient to increase or 


diminish by 100°/, the resting alveolar ventilation. This result differs 
entirely from those obtained by Lind bard’s method’. Lindhard made 


his experiments as follows: the subject breathed through valves, the 


expired air passing through a meter, where it was measured, and the 
inspired air being taken from a large spirometer containing the gas 


mixture required. The subject first breathed about 20 litres. of the 


mixture, or breathed for two minutes, after which the observations 

of alveolar air, etc. were begun and continued for several minutes. 
If the results quoted by Lindhard are calculated in the same 
manner as in our experiments, it appears that the increase in alveolar 
CO, percentage required to produce an increase of 100°/, in the alveolar 
ventilation varied from 34 to 3°5 %, or from 2˙4 to 25 mm. of CO, 
pressure. The results are very irregular, but the author concluded that 
they were higher when oxygen was mixed with the air breathed. | 
It appears to us that the method used was defective. The experi- 
ments described above show that two minutes were not a long enough 
time to allow before the observations began. In addition to this the 
method of obtaining the alveolar samples was unreliable. The samples 
eh 1 This Journal, XIII. p. 387. 1911. 
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were obtained, not by the method of Haldane and Priestley, but by tf 
collecting and mixing a number of small samples of the last portion of 1 

each expiration, these samples being taken from the expiratory tube 

beyond the valves. The dead space of the valve, etc. was about 150 c.c., 

so that the total dead space of air-passages, valves, etc. must have been 

about 300 Cc. even when there was no hyperpnea. The values obtained 

for the normal alveolar CO, percentage in the three subjects were all 

very low, and considerably lower than those obtained with improved 

apparatus and given in later papers by Lindhard and Hasselbalch. 

On trying a similar arrangement one of us got average values by it of 

35˙4 instead of 39°4 mm. by the usual method. If we assume that 

when air free from CO, was breathed the values for the alveolar CO, 

percentage were too low on account of insufficient washing out of the 

dead space of valves, etc., and that when air containing CO, was breathed 

the values became more nearly correct, on account of the deeper 

breathing and smaller difference in composition between inspired and 

alveolar air, the main differences between Lindhard’s results and ours : 
are accounted for. The remaining differences are presumably due to 1 
the fact that Lindhard's observations were begun too soon after the 4 
breathing of the air rich in CO, was begun. Very small differences in 

the conditions of experiment would greatly affect the results obtained. 

Thus Lindhard and Hasselbalch? quote experiments in which the 

breathing was so excessive when.air rich in CO, was breathed that the 

alveolar CO,, as determined by them, was actually diminished. Such 

a result might easily be obtained while the centre was “hunting” 5 
during the first minutes, as described above. It seems probable, also, i 
that the hunting might be abolished by breathing oxygen, which, as 
was shown by Douglas and Haldan e“, may act very strikingly in 
this direction. Such an action would explain the apparent influence of 
oxygen in diminishing the excitability of the respiratory centre to CO, 
in the experiments of Lindhard and of Lindhard and Hasselbalch. 

It has been known for long that not only carbonic acid but also 
other acids excite the respiratory centre when they are added in small 
quantities to the blood: also that the addition of an alkali produces 
apneea*,, It was thus natural to suppose, as Winterstein and others 
_ done, that the normal action of the — centre —* on 


, 


1 Skand. Archiv f. Physiol. xxvm, 1911. 

$ This Journal, XXVII. p. 412. 1909. 

3 References are given by Boycott and Haldane. This Journal, XXVII. p. 869: also 
by Hasselbalch, Biochem. Ztech.. Xvi. 408. 1912. 
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the balance between hydrogen and hydroxyl ions in the blood, Until 


recently, however, no means of testing this conclusion quantitatively 
was available. As blood contains a considerable quantity of bicarbonate 
the ordinary titration with an indicator (the CO, liberated being allowed 
to escape) is practically speaking only a measure of the amount of 
bicarbonate, and not of the hydrogen ion concentration (Cq.); and as 


_ garbon dioxide can escape freely from the body by the lungs it does not 
follow that blood which shows with an indicator a diminished alkalinity — 


has in reality an increased CR. L. J. Henderson! has recently shown 
that the Cy. of the arterial blood and tissues can scarcely be altered by 
the addition of small amounts of acid or alkali. If the respiratory 
centre reacted in such a way as to allow escape of carbon dioxide to 
balance exactly the gains or losses of acid by the blood there would be 
no alteration at all in CH.. There is some experimental evidence which 
might appear to favour such a view. Barcroft has shown that the 


_ dissociation curve of the oxyhemoglobin of human blood is extremely 


sensitive to very slight changes in reaction, and has also shown? that in 
persons living at high altitudes the curve is not sensibly altered, provided 
that the pressure of carbon dioxide in the blood is reduced to that of 
the alveolar air at the same altitude. Here, then, we seem to have 
evidence that the On of the blood within the body remains unaltered. 


When titrated in the ordinary way with an indicator, the blood is less 


alkaline at high altitudes; but when titrated indirectly from the 
dissociation curve of oxyhæmoglobin, which is a far truer and more 
delicate index of Cn. there is no appreciable change in Cy. of the 


arterial blood. 


From this we might infer that at high altitudes there is no change 


at all in the Cn · of the blood, To a physiologist, however, such a con- 


clusion would be unsatisfying: for nothing obvious would be left to 
account for the fact that the breathing is deeper. On Pike's Peak, 
where exact measurements were made, it was found that with an 
unaltered respiratory exchange, and a sensibly unaltered dissociation 
cutve of oxyhemoglobin, the alveolar ventilation was about 50°/, greater 
than at sea level“. We have to account for this increased activity of 
the respiratory centre; and certainly the direct action of slight want of 
oxygen will not account for it, as was shown by Boycott and Haldane. 
1 Amer, Journ. of Physiol, xx1. 427. 1908; and Ergebn. der Physiol. v. 254. 1909. 

2 This Journal, xum. p. 44. 1911. 

® Douglas, Haldane, Yandell Henderson and Schneider. Phil. Trans. B, 
Vol. ont. p. 219. 1918. The same paper ff. 
as to the dissociation curve of oxyhemoglobin. . 
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We now, however, possess the data for clearing up this apparent 
mystery. Hasselbalch has recently devoted himself with striking 
success to the electrical measurement of the effects of differences in 
carbon dioxide pressure on the Cg. of blood and other liquids; and by 
means of his new rocking apparatus with gas. electrodes he and 
Lundsgaard! have determined the curves of Cy. for blood at body 
temperature, with ordinary physiological variations in the CO, pressure. 
These curves are of very great physiological importance. They show 


that at a pressure of about 40 mm. of CO, a difference of 1 mm. of 


CO, pressure makes a difference of only 0065 x 10-7 in the Cg. of blood. 

Now we have shown above that a difference of about 0°8 mm. in the 
normal alveolar CO, pressure of about 40 mm. causes an increase of 
50 %, in the alveolar ventilation. This corresponds to a difference of 


only 005 x 10 in Cg., which is so small that no existing physical or 


chemical method could detect it by direct means. We are thus led 


to the conclusion that the respiratory centre, which, as indicated by 
Hasselbalch’s other experiments, does actually respond to differences 


in Cn. is a far more sensitive index of Cy. than any other index at 
present known. It is quite impossible, with present methods of blood- 
gas analysis, to detect the influence on the dissociation curve of oxy- 
hemoglobin of a difference between 40°8 and 40°0 mm. of CO, pressures; 
yet on Pike’s Peak the respiratory centre was presumably reacting to 
a difference in Cq- corresponding to this small difference in CO, pressure, 
and the reaction was of the utmost physiological importance. We can 
thus easily explain why the dissociation curve of oxyhemoglobin was 
sensibly unaltered. 

There is every reason to believe that during normal life and health 
the respiratory centre continues to react absolutely sharp and true to 
the very slightest differences in CH, and that there are no such irregular 
variations in excitability as, for instance, Lindhard supposed. In the 
cases of Haldane, e and Douglas the resting alveolar CO, 


1 Hasselbalch and Lundsgaard, Biochem. Etsch. XVIII. p. 77. 1912, Data for 
human blood are also given by Lundsgaard in the same Journal, XII. p. 247. 1912. 


Hasselbalch has also furnished very strong direct experimental evidence in man that 


it is to hydrogen ion concentration VVVVPůĩV ee tsch. 
XIVI. p. 428. 1912. N 
2 Since this was written Barcroft has communicated to the eie of the 


Physiological Society (This Journal, IVI.) a short paper in which he shows that the 
average of a number of observations indicates a slight shifting of the dissociation curve, 


corresponding to an elevation of COQ, pressure in the blood of the order of 2mm. The 
observations were made at altitudes of from 10,000 to 16,000 feet on five different persons. 
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pressure has remained practically constant for ten years, apart from 
slight temporary changes due to excessive muscular work, changes in 


body temperature or altitude or diet. Hasselbalch' has shown that 


sudden and marked changes of diet, as by the complete cutting off of 
carbohydrates, may alter quite appreciably the alveolar CO, pressure. 
In a further paper Straub“ has found that these dietetic alterations are 
only temporary: the alveolar CO, pressure very soon comes back to 
normal, and may be normal even in cases of diabetes where considerable 
“ acidosis” exists, provided this acidosis is not too excessive. 
Unless the Cn of arterial blood remains practically constant diiring 


normal life it would be impossible to explain in any satisfactory way 


the fact that the resting alveolar CO, pressure remains so constant, It 
is clear also that the breathing is not itself responsible for the constancy 
of Cg. If it were, the alveolar CO, pressure would be changing during 
every hour of the day, to compensate for the constant give and take of 


acid and alkali through the walls of the alimentary canal, etc. It is 


evident that what the regulation of breathing and circulation does is to 


compensate approximately for the sudden changes in Cy. which would 


otherwise occur from the changes in discharge of CO, and lactic acid 
into the blood. The breathing and circulation contribute to the regula- 
tion in so far as they deal with these sudden changes: but the main 
regulation cannot depend upon the lungs. J udging by the constancy 
of the alveolar CO, pressure during rest, this main ids nina is ania 
to within about ‘0065 x 10. 

When and how this regulation i is brought about we do not yet know 
at all completely. It is clear that one means of regulation is afforded 
by variations in the amount of nitrogen which passes into the blood 
as ammonia, instead of as urea. The chief regulation appears, however, 
to be by the kidneys. It has long been known that the urine varies in 
acidity or alkalinity according to the amount of acid or alkali introduced 
into the body, or formed within it. By applying his new method to the 
determination of Cy. of the urine, Hasselbalch* has recently advanced 
our knowledge further by showing how enormously the Cg. of the urine 
varies. The variation found (160 x 10) is 25,000 times as great as 
the limit within which the resting Cy. of the arterial blood merely 


. Varies during rest. 


It is known that an artificial rise of abont 8 10 0 or a fall * about 


1 Biochem. Ztschr. xuv1. p. 403. 1912. 
2 Deutsches Arch, f. klin. Med. crx. p. 228. 1913. 
Biochem. Ztschr. XVI. p. 417. 
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4%, in the alveolar CO, percentage is sufficient to produce loss of 
consciousness. Yandell Henderson’s experiments with artificial respi- 


ration have also shown that a fall of about 5°/, causes death from 


failure of the circulation. The corresponding difference in hydrogen 
ion concentration is only about 0°3 x 107. From this some conception 
can be formed of the importance to the body of the kidney cells which 
keep watch and ward over the hydrogen ion concentration of the blood, 
and of the disastrous consequences of their failure in disease, in which 
condition the kidney becomes partly degraded to the level of a 
mechanical filter, We can also realise the importance of keeping the 
conditions normal in all physiological experiments. On these and 


many other questions the data with regard to the Cx. of the blood are 


of the deepest significance. 


‘CONCLUSIONS. | 
(1) A rise of about 022%, or 1°6 mm., in the pressure of CO, in 


the alveolar air increases by 100°/, the resting lung ventilation in man, 
and a corresponding diminution in the alveolar CO, pressure causes 


apnoea. 


(2) The alveolar oxygen pressure can be varied within wide limits 


without sensibly affecting the excitability of the respiratory centre to 
2 

(8) Summation of the Hering-Breuer inhibitory vagus stimuli 

plays no part in producing apnea in man. 


(4) As the existing evidence, in view of facts recently brought | 


forward by Hasselbalch, points clearly to the conclusion that what the 
respiratory centre really responds to, when it responds to CO,, is the 


balance of hydrogen ion concentration in the blood, and as an increase 
of even 2mm. of CO, pressure corresponds to a scarcely measurable 


increase in the hydrogen ion concentration of blood, it follows that the 
respiratory centre is extremely sensitive to changes in hydrogen ion con- 
centration. Its excitability appears, also, to be constant during health. 
(5) The fact that during rest the alveolar CO, pressure is very 
steady for each individual shows that the main regulation of the balance 
of hydrogen ion concentration of the blood is both exquisitely delicate 
and is brought about elsewhere than in the lungs—probably in the 
kidneys for the most part. | | 
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. THE INFLUENCE OF NERVE STIMULATION ON 

THE ELECTROCARDIOGRAM. By DOROTHY 5 
DALE, Bathurst Student and Fellow of Newnham College, 
AND GEORGE RALPH MINES, Fellow of 
College, Cambridge. 


Crom the Physiologia Laboratory, — 


verse . 

Influence of stimulation of the sympathetic . 

Alteration in form of the ventricular complex by nerve aims 
lation 

Summary . 


115 


Tun large amount of individual variation in the effects of nerve 
stimulation on the cold blooded heart makes it essential to study 


simultaneously as many different aspects of the heart's activity as 
possible in order to gain a connected picture of the various changes 


produced. In spite of the immense number of experiments on the 
action of nerves on the frog’s heart, comparatively few observations on 
the electrical responses are on record. : | 

In approaching this subject the most fundamental facts to be 
considered are those discovered by Gaskell. Gaskell showed that in 
the quiescent auricle of the tortoise, stimulation of the vagus produced 
an effect on the muscle opposite to that produced by excitation of the 


muscle. Stimulation of the sympathetic on the other hand caused (in 


the quiescent ventricle of the frog) an effect like that produced by 
excitation. The “ positive variation of the quiescent muscle produced 
by vagus stimulation has been the subject of much discussion. Some 
observers, attempting to repeat Gaskell’s original experiment, have 
failed through using an insufficiently sensitive galvanometer. The 


_ galvanometer, though very quick in its response, is not nearly 


1887. 
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so sensitive as a good Thomson or d’Arsonval galvanometer where slow 
tonic changes are concerned. Recently, Meek and Eyster’ by the use 
of a specially sensitive string galvanometer have confirmed Gaskell’s 


observations in every detail. But the galvanometer, when adjusted for 5 
these small tonic changes in potential, is far too sensitive for the study 


of the relatively enormous potential changes which occur in connection 
with heart beats. 
Electrocardiograms of the beating frog’s heart during stimulation of 
the vagus have been taken by Samojloff. The alterations noted by 
Samojloff in the character of the beats as a result of vagal stimulation 
were as follows. He found a change in the form of the ventricular 
complex, the positive final variation of the ventricular complex becoming 
negative, or the negative final variation becoming more negative: He 
also found that the duration of the electrical response of the ventricle 
was reduced. Our observations have been made with a view to the 
quantitative study of various factors including the A-v interval and 
the duration of the electrical response in’ the ventricle. The relation 
of our results to those obtained by Samojloff will be seen in the 
sequel. 


Methods. The experiments were carried out chiefly on the frog, 


medium-sized or large specimens of Rana temporaria being used. The 


temperature ranged from 145°C. to 16°C. In the earlier attempts to 


stimulate the intra-cranial vagus, the front of the frog’s head was cut 


off, just behind the eyes, the spinal cord was pithed, and the stimulating. 


electrodes thrust into the remaining part of the brain. This method 
however proved entirely unsatisfactory, and was replaced by. another 


which invariably gave good results. After cutting off the front of the 


head and pithing the spinal cord, the mucous membrane of the roof 
of the mouth was cut away and the base of the skull removed, thus 


exposing the ventral surface of the medulla. The heart was then 


exposed, the pericardium opened up, and very fine silk threads tied to 


the left auricle and to the apex of the ventricle, taking in the smallest 


Possible piece of tissue. The worsted of one of the gelatine electrodes 
connected with the string galvanometer was tied to the apex of the 
ventricle by the thread already attached to it. The two threads from 
the heart were then connected with the levers described elsewhere* 


for recording the mechanical responses of auricle and ventricle, The 


Amer. Journ. Physiol, xxx. p. 271. June, 1012. 
Arch. oxxxy. p. 460. 1910ĩłw0 
3 Mines. This Journal, XVI. p. 194. 1913. 
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‘worsted of the second galvanometer electrode rested on the sinus and 


liver. The stimulating electrodes, which were placed on the ventral 
surface of the medulla, were thin copper wires insulated except at the 
ends by fine glass tubes. A calibrated induction coil was employed 
with a two-volt accumulator in the primary circuit. The dissection for 


ae sympathetic stimulation was as follows: the brain and spinal cord of 
the frog ‘were pithed, and the gréater part of the lower jaw was cut 


away. The mucous membrane of the roof of the mouth was removed 
and thé insertion of the levator anguli scapule into the skull was 
divided, so as to show the junction of the sympathetic with the vagus. 
The 2nd spinal nerve was exposed aud cut on each side of the point 
where the sympathetic crosses it, and the sympathetic was cut posterior 
to the brachial nerve. The brachial stump was raised and the adherent 
sympathetic dissected right up to its junction with the vagus without 


injury. The sympathetic was then ‘reflected anteriorly; and after 


the heart had been suspended as before, the stimulating electrodes 
were put under the nerve, any spread of current being prevented by 
a piece of celluloid under the electrodes and the free end of the nerve. 
The shadows of the galvanometer string, of the heart levers and of 
a signal were recorded on bromide paper moving at the rate of 45 mm. 
per second. The time was signalled in ꝙ and g by the spokes of 
a phonic wheel cutting through the focus of the projection eye-piece. 


The details of the registering apparatus are described elsewhere by one 
of us!. In each experiment, preliminary tests were made to find the 
current strength necessary to produce an obvious effect. These tests 


were followed by a rest of five or ten minutes before a record was taken. 
In most of the experiments, when three or four normal beats had been 

recorded, the nerve was stimulated for a period signalled on the tracing. 
The record was continued for some time after stimulation stopped. 


Other shorter records were then taken at known time intervals until 


the beat seemed to be normal. In other cases, after a short normal 
record had been taken, the nerve was stimulated for a given period 
without recording. Then, immediately stimulation ceased,. another 
record was taken and subsequently others at known intervals. The 


records were then measured. The sharpest defined features to measure 


were 
(1) The duration of the A-v interval, measured from the electro- 
catdiogram, from the beginning of the ene variation to —_ 
of ventricular variation. 
1 Mines. Op. cit. 
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(2) The duration of the electrical response of the ventricle. 
(3) The height of the mechanical response of the auricle. 

(4) The height of the mechanical response of the ventricle. 

(5) The duration of the cycle. This was usually measured on the 
electrocardiogram from the beginning of one auricular response to the 
In a few cases it was impossible to measure the (electrical) A—V 
interval, When the duration of the cycle was short, auricular excita- 
tion occurred before the preceding ventricular response was ended, and 
the auricular electrical response fell therefore within the ventricular 
electrical response of the preceding beat. When this was the case, 
a temporary separation of the two responses occurred when the frequency 
of excitation was slowed by stimulation of the intra-cranial vagus. | 
The beginning and end of the mechanical responses of auricle and 


ventricle were very ill-defined in many records, so that we could not 


with any degree of accuracy measure the duration of those responses, of 
the mechanical a-v interval, or of the intervals between the beginnings 
of the electrical and mechanical responses of auricle and ventricle 
respectively, 


Fig. 1. Record of two beats of frog’s heart before stimulation. x 4. 


A portion of one of the records is given in Fig. 1. The top curve is 
the mechanical response of the auricle, the middle curve the electro- 
cardiogram, and the bottom curve the mechanical response of the 
oe The narrow vertical lines represent , and the broader 
The great length of each record makes it impossible to reproduce 
the whole of even one experiment. The clearest way of giving the 
results is as charts in which the measurements of the records have been 
plotted on a reduced time scale. In these curves, the abscissw represent 
the durations of the intervals or the heights of the responses, while 
the ordinates are the frequencies at which these occur. In each ex- 
periment, every measurement made from the record has been plotted 
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on the curves, and where gaps are left in the curves, it was impossible 
to measure the intervals omitted. The same sign is kept for each 
interval in all the curves, An example of the measurements taken 
from the records is given below, but the curves are plotted on so big 
a scale that the measurements of other 1 2 can easily be taken 


from them. 
ries Height of mechanical response 
responỹʒœj A — Duration 
A· v interval of of auricle of ventricle of cycle 
21 89 10 29°5 83 
20 5 89°5 10 29°5 82 
21 38 10˙5 29°5 1638 
<20 31˙5 5 24 135 
26 ˙5 5 17°5 108 i 
205 27 5 17 102 
20 27·6 1 20 101 
20 31 i 23 99 
19°5 34 3 25 97 
20 85°56 4 27 95°5 
20 87°5 55 28-5 94 
20 38 7˙5 29 98 
Interval of 10” in record 
21 88°65 - 8°5 80 88°5 
20°5 38°5 8˙5 80 88 
Interval of 10” in record 
21 89 9 29°5 85°5 
21°5 89°5 9 29°5 85 · 5 
21 39 ·5 9 80 85 
Interval of 80” in record 
21 40 10 30 82 
21 99 ·5 10 80 83 


The arrows mark the beginning and end of stimulation of the intra-cranial vagus with 
coil 10 units. 


3 Stimulation of the intra-cranial vagus, 

It is well known that the effect on the height of contraction and the 
effect on the frequency of excitation produced by vagus stimulation do 
not necessarily run parallel. We find that the nature of the effects on 
the individual beats depends largely on the degree of slowing produced. 
The curves plotted from our measurements fall into three groups; in 
the first group there is a relatively small effect on the frequency of 
excitation. Examples are given in Figs, 2 and 3, In Fig. 2, the two 
lower lines show a very large reduction in height of contraction, the 
reduction of the auricle is greater than that of the ventricle, but even 
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ventricle. 


in the latter the reduction is over 66 %ͤ while the reduction i in 8 
is only 23% In Fig. 3 there is an even greater proportional difference 
in these factors. To use Engelmann's terms, these cases show a large 
negative inotropic effect and a small chronotropic effect. The alterations 
in the electrocardiogram are very definite, They are as follows: 3 


D DALE AND G. 


(a) There is marked shortening of the electrical response of the 


(0) There i is marked lengthening of the A~v interval. Tie | | 


0 Height of mechanical response of auricle, 
0 Height of mechanical response of ventricle. — 
O Duration of cycle (3 scale in this diagram). 


Time scale on left, millimetre scale on right of diagram. 
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It may be remarked that the curve expressing the height of the | 
mechanical responses of the ventricle follows the same course as that 
expressing the duration of the ventricular electrical responses. Such 
a relation is to be seen in many experiments. The curve expressing 
the duration of the a—v interval shows no very definite relations to the 


others. The A-V interval has returned to its original length at a time 


* O. . * 


Frog, 9. coil 15 units. Symbols in this. 


and other diagrams as in Fig. 2. Duration of cycle } scale. 


when the duration of the ventricular electrical response remains far 
below its normal value. The reduction in duration of the electric 
response of the ventricle on vagus stimulation was one of the effects 
noted by Samojloff (toe, cit.). He found that this effect was to be 
seen “in the same way” when the heart was kept beating by artificial 


stimulation of the ventricle during the vagal action. As will appear 


from what follows, the effect would probably be most marked under 
these circumstances. 

The second group of cases consists of those where the vagus caused 
great slowing with relatively little reduction in size of the ventricular 
contractions—i.¢. where there was a large negative chronotropic effect 
with but slight inotropic effect. ** 4, 5 and 6 are good instances. 
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10° 

80 
30° 
8 
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„%%; 
Fig. 4. Frog, ?. of vagus, 60 units. Cycle jy scale. 


Fig. “trod, 2. Stimulation of intra-cranial vagus by destruction 
ol medulla at vertical line. ee 
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The vagal stimulation causes a long pause. After the „ the new 
beats show :— 

(a) Lengthened electrical response of the ventricle. 

(6) Shortened A-v interval. 

In Figs. 5, 6 and 7 these effects are produced as the sels of 
different modes of stimulation in different specimens, Now these are 
the effects which have been shown to result from the slowing of rhythm 
where all nerve action is excluded. In the atropinised auricle-ventricle 
preparation, kept beating by artificial rhythmic stimulation at a fre: 
quency similar to that of the normal heart beat, slowing of the frequency 


— 
N 
10 
{2 0 oo of 
— 
Duration of cycle ** scale. 


of Ae den in the absence of any other external een leads at once 
to lengthening of the ventricular electrical response and sited of 
the AV interval (Mines). 
From these facts, we are led to the conclusion that the effects of 
vagal stimulation on the individual heart beats depend on two factors : 
(a) a direct action on the auricle and ventricle, 
(6) an indirect action due to alteration in frequency of excitation. 


1 Proc. Physiol. Soc. xxiii. 1918. This Journal, XL VI. 
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We have seen that where the effect of the frequency of excitation is 
extreme, the results of vagal stimulation on the individual beat are 
exactly opposed to the results where the effect on frequency is relatively 
insignificant. In absence of any direct vagal action, the effect of 
diminishing the frequency of excitation of the auricle is to lengthen 
the electrical response of the ventricle and to shorten the A-V interval. 
On the other hand, frequency of excitation being kept constant, the 
effect of direct vagal action on the auricle and ventricle is to shorten 
the of the and to the Av interval. 


1 | 


ot ao 19411 28 


Stimulation of intra-cranial 


— —— = ĩ 7²¹*—x1 —ͥÄãæ —y—„-—- — 


Frog, 2 


induction shock, coil 200 units, 1 hour 


3 


But since in the frog's heart stimulation of the vagus diminishes the 
frequency of excitation of the auricle (through its action on the sinus 
“ pacemaker ” ) the two antagonistic actions are set going together, and 
it is often a matter of uncertainty which will predominate... We have 
studied cases where the effect on rhythm is insignificant and where it 
is dominant. In the third group of experiments neither description is 
exact the two opposing factors partly balance. Unless the slowing is 
extreme the direct vagal action usually overcomes the indirect so far as 
shortening of the electrical response of the ventricle is concerned. In 
Figs. 8 and 9 this is seen to be the case. But while in Fig. 8 the 
A interval is practically unaffected, in Fig. 9 it is notably reduced. 


Duration of cycle on same scale as other curves. 
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Fig. 8. Stimulation of intra-aranial vagus, coil 10 units, 27° after 


beginning of experiment. Duration of cycle 4 scale. 


5 


CRETERVAL OF 10°. 
CUTERVAL OF 20". 


Fig. 9.. Same frog as Figs. 7 and 8. of ing cages, 50 
about 4 hours after beginning of experiment. Duration of cycle 7, scale. 
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As a further test of our hypothesis, we made two experiments on 
the tortoise heart. Gaskell showed that while the auricle was very 
much influenced by the vagus, the ventricle was not directly affected. 


—20 
—/0 


0 8 


40 


"t 40 141421 


_ Fig. 10. Tortoise (Clemmys leprosa or possibly C. caspica). Stimulation of left vagus, 
interval immediately after the stimulation, as the first auricular variation occurred — 


coil 100 units. Duration of cycle } scale. It was not possible to measure the A- 
within the last ventricular variation. 


— 
7 2 * 
7 
8. 
0 
— 
* 
» — } 
— 
~ 
7 
x 
~ 
3 
* 09 40 A441 
Q 
2 
> 
= 
a 
a 
a ° | 
— . 
| 
4 0 
— — oOo 
- 
— 
—— ‘ 
— 
—— 
“ —ͤ— ͤꝓͥ..— 
— 
f 4 
3 


ELECTROCARDIOGRAM. .. 331 


Therefore if the vagus slowed the heart, the effects on the ventricle 
should be those due to slowing only, i e. lengthened electrical response 
of the ventricle. On the other hand, the electrocardiogram of the auricles 


should be complicated by the direct effect of the vagus on the muscle, 


which should antagonise the — eects of 
reverse them. 
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| 
Fig. 11. Tortoise, same as in Fig. 10. Ventricle was carefully cut away, and record 
taken of auricle alone. Stimulation of left yagus, coil 100 units. 85 


0 Duration of electrical response of suricle. 
o Height of mechanical response of auricle. 
O Duration of cycle (Iv scale). 


The results of such an experiment are given in Figs. 10, 11 wal 12. 
The curve from the ventricle shows obvious parallelism between the 
duration of the cycle and the duration of the ventricular electrical 
response; the height of the ventricular contraction also follows the same 
course as these curves. Within the limits here attained, the longer the 
pause, the higher is the next contraction. But the a-v interval got 
longer; unfortunately it was not measurable all through the tracing, 
though its value certainly remained higher than at first. This appears 
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to mean that the bridge tissue between auricle and ventricle in this 
animal was directly under the influence of the vagus, for it appeared 
subsequently that the rate of propagation of the wave ‘through tie 
atiricular muscle was not perceptibly reduced. 

After taking these recotds from the ventricle, we cut the ventricle 
away and applied the “apex” electrode to the tip of the suspended 
portion of the auricle. The electrical record obtained from the auricle 
under these conditions is, as has been remarked by Noygns', — 
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Fig. 12. Tortoise auricle, 3 Monophasic response (tip of auricle damaged 
by hot wire). Stimulation of left vagus, coil 100 units. Duration of cycle yy scale. 


similar in general form to that obtained from the ventricle. The 
record of a single beat, ien stimulation 85 the vagus, is given in 
Fig. 13. . 
‘On stimulation of the vagus the electrical response was very vol 
edly shortened, The effect is quite similar to that seen in the first 
group of curves from the frog’s ventricle, Again we note the parallelism. 
between the duration of the electrical. response and the height of abe, 
mechanical response. In this experiment we later 


Koninl, Avid. v Wetens. t. Amsterdam, p. 680. 1910. 
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of the auricle by local heating and repeated the tests. The monophasic 
responses were reduced both in duration and in height by — 
of the vagus.. The measurements are plotted in Fig. 12. 


Stimulation of the sympathetic. 

In analysing the effects of the sympathetic on the individual beats, 
the influence of the alteration in frequency is of extreme importance. 
In our experiments we have not at present had an opportunity of 
studying a case where there was augmentation without acceleration 
as a primary effect. Yet the difference in the rate at which the direct 
and indirect effects passed off enables us to discriminate quite definitely 
between these actions. In Fig. 14 is plotted the result of an experiment 
in which there was marked acceleration. It is seen that there is some 
reduction in duration of the ventricular electrical response, in spite of 


Fig. 13. Record of single beat of tortoise auricle before stimulation of the vagus. 
| Upper curve, electrogram ; lower curve, mechanical response. 


the obvious mechanical augmentation. The duration of the A- interval 
is at first increased. But both of these effects on the electrogram give 
place very shortly to their opposites. As soon as the duration of the 
cycle has fully returned to its original value, the electrical response of 
the ventricle has become distinctly lengthened and the a-v interval 
distinctly shortened as compared with the values before stimulation. 
It will be noticed that in this case the augmentation of the auricle 
was delayed until the quickening was passing off. 

Fig. 15 shows somewhat similar relations though less pronounced, as 
regards the effects on A-V interval and on duration of the electrical 
response of the ventricle. It is clear that the alteration in frequency, 
due to the action of the sympathetic on the sinus venosus, acts indirectly 
on the auricle and ventricle to produce alterations in their responses 
which tend to mask the effects due to the direct action of the nerve on 
the musculature of these chambers. 
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The direct effect of the sympathetic on the musculature of that part 
of the heart which we have studied, which includes the auricles and 
ventricle and their connection, is opposed to the effect of the vagus. It 
consists essentially in (1) a shortening of the A-V interval, (2) a length- 
ening of the duration of the electrical response in the ventricle. But 
since quickening of the rate of beat of itself produces the opposite of 
these effects, ordinary stimulation of the sympathetic causes a mixture 
of results. | | 
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Fig. 14. Frog, 2. Stimulation of right sympathetic, coil 40 units. The break in the 
curves represents an interval of about 6” in the record. Duration of cyele } scale. 


_ Samojloff (loc. cit.) found the final variation (T-wave) of the ventri- 
cular complex was always diminished or made negative if positive at 
the start, or made more negative if already negative. It has been 
mentioned already by one of us! that stimulation of the vago-sympa- 
thetic trunk, or of the sinus venosus, producing inhibition, gives in 
1 Mines. Proc. Camb. Phil. Soc. xvi. p. 615. 1912. 
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various instances this effect described by Samojloff, the reverse effect 
or none at all. It was suggested that possibly the discrepancies might 
be dus to the simultaneous stimulation of the sympathetic. We find that 
stimulation of the intracranial vagus (where the possibility of any 
sympathetic stimulation is avoided) gives in the greater number of 
cases @ more negative final variation. But in some instances the final 
variation becomes much more strongly positive and again it may be 
practically unaltered. In two experiments the first record of vagus — 
stimulation showed an effect on the final variation opposite in sign to 
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Fig. 15. Frog, 2. Stimulation of right sympathetic, coil 40 units. 
Duration of cycle 4 scale. | 


that produced by a subsequent stimulation. In three experiments’ on 
stimulation of the sympathetic the final variation was made less negative 
and in two experiments no effect was apparent. The final variation of 
the ventricular complex indicates no more than a difference in the time 
at which the excited state passes off in different regions of the muscle. 
Very slight differences in the condition of the muscle in different parts 
suffice to determine the sign of the final deflection. Since the results 
of stimulation of the vagus show such variation as has been noted above, 
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no great stress can be laid on the alterations in form of the final varia- 
tions by this means. Yet it may be remarked that the most usual 


effect of vagus stimulation is decreased “positivity” of the final variation, 


and of sympathetic stimulation increased “positivity” of the final 
variation. Vagus stimulation therefore usually makes the excitation 
last relatively longer at the apex, sympathetic stimulation makes it 
last relatively longer at the base. Now we have seen that the 


characteristic action of the vagus is to shorten the duration of the 


electrical response of the muscle in general, while the sympathetic 
tends to lengthen it. The inference is that both nerves affect the 
muscle in some part of the basal region of the ventricle to a greater 
extent than they affect the muscle nearer the apical region. 


SUMMARY. 


The effects of nerve stimulation on the individual heart beats depend 


(a) on the local influence of the nerves on the musculature of auricles 


and ventricle and (b) on the modification of the condition of dynamic 


equilibrium in the heart muscle which results from alteration in the 
frequency of the beats. 

The most important effects of the action of the vagus on the 
electrocardiogram, when alterations due to change in frequency are 
eliminated, are a lengthening of the a—v interval and a shortening of 
the duration of the electrical disturbance in the ventricle. But slowing 


of the heart of itself tends to change these factors in the opposite sense. 


Hence the effects of vagus stimulation in any ee case 9 on 
the amount of slowing produced. 


Apart from changes in frequency, the effects of sympathetic e 


tion on the electrocardiogram are shortening of the A-V interval and 


increased duration of the electrical response in the ventricle. But in- 
creased rate of beat tends to alter these factors in the opposite sense. 


Hence the effects of sympathetic stimulation in any particular case 


depend on the amount of quickening produced. 

The effects of nerve stimulation on the form of the electrical response 
of the ventricle are variable. The most usual alterations are such as 
to indicate that the nerves affect the musculature at the base of the 
ventricle to a greater extent than the musculature nearer the apex. 
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STUDY OF THE RESPIRATORY MECHANISM IN THE 
DUCK. By J. B. ORR any ALEXANDER WATSON. 


(From the Physiological Laboratory of the University of Glasgow.) 


_ Durine an investigation upon the apnœa of the duck in diving, carried 


out by Dr F. M. Huxley! in this laboratory, it became evident that 
the respiratory centre in these animals must be little susceptible to 
the action of the accumulation of carbon dioxide in the blood. Some 
observations made at the time tended to show that respiring air 


charged with CO, instead of stimulating the respiratory centre actually 


led to a slowing of the respiration. At a meeting of the Physiological 
Society in January 1913 Prof. Noél Paton demonstrated the results of 
some further investigation made by him and one of us (J. B. O.) showing 
that a complete stoppage of respiration is induced by the administration 
of CO, in percentages of 20 to 10 of the inspired air. At Prof. Noél 


Paton's suggestion this further investigation of the action of the 


respiratory centre in the duck has been undertaken by us. 


A. EFFECTS OF CARBON DIOXIDE. 


CO, administered by tracheotomy tube. The first set of experiments 
was conducted thus, CO, was mixed with air in a bell-jar inverted in 
water and slung up with a counterpoise. The duck was anesthetised 
with ether, the trachea opened and a cannula inserted. The cannula 
was connected with a two-way valve from one side of which connection 
could be made by a short rubber tube with the gas in the bell-jar ; 
the other allowed the escape of expired air. The respiratory movements 
were recorded by a balloon fixed to the chest, and connected with 
a Marey’s tambour. CO, was used in proportions varying from 20 % to 
4°/,. In a number of experiments the gas was analysed with Haldane’s 
portable air analysis apparatus. The CO, mixture was administered ) 
usually for from two to three minutes. 


1 Quart. Journ. Exp. Physiol. p. 101 1918. 
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In every case, on connecting the cannula in the 3 with the 


CO, mixture, short periods of complete apnea with intervening 
asphyxial struggles, or marked slowing of respiration, usually accompanied 
by increased amplitude of respiratory movements, were produced. While 
in different ducks a considerable variation was found in the susceptibility 
of the respiratory mechanism to the influence of the carbon dioxide, in 
general it may be stated that 20% CO, produces complete apnoea 
sometimes broken by asphyxial struggles, 10% CO, reduces the number 
of respirations by over 50 %, and 5% CO, reduces the number by 
about 30°/,. In any individual duck the slowing. effect was always 
found to be in direct proportion to the degree of concentration of CO,. 

I The amplitude of respiratory movement under the effect of CO, was 
usually increased, but not to such a degree as would raise the question 


as to whether the increased amplitude would compensate for the 
decreased number to maintain a constant pulmonary — In 


‘many, u there was no increase in amplitude. 


1 x}. Apnosa produced by breathing air containing 20 % CO,. Administered 
for 65 seconds between the points 4 and B. . 


a ‘Table I shows the results of 40 consecutive experiments. 

Figs. 1, 2 and 3 are reproductions of tracings obtained under the 
conditions described above, the CO, being 20%, 10°/, and 5 / respect- 
ively, 

8 In all tracings time marking is in seconds and ten seconds. 


Some experiments of a like nature to the above were performed on 


hens. In these the CO, also caused slowing of respirations, but the 
effects were rather less marked than in ducks. 

Control of apparatus. To ascertain whether any méchanical effect 
of the apparatus complicated the results, several control experiments 
were done. The bell-jar was filled with atmospheric air and tracings 
of the — movements were taken, the ee otherwise being 
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TABLE I. 
Rate of 
before 
tion of CO, Result 
intervening asphyxial struggles 
Complete apnea 80 secs. continued till 30 
secs. after CO, removed 
6... Rate reduced to 12 per min. asphyxial struggle 
Period of apnoea 20 secs. duration 
18 „ 
Apnea 60 secs. 
10 97 120 4 
respirations, period of apnoea 
Hate reduood to 11 per min. then apna 
to 7 per min. 
22 ” 5 ‘ 
26 * ” 9 
24 ” ” ” 8 
$5 voce. 
apnoea 50 secs. 
8 Rate reduced to 7 per min. with later periods 


of apnea of 40 sees. 
Rate reduced to 8 per min. 
16 „ 
10 
” ” 5 
Rate reduced to 8 per min. 


8 


” ” 

Apnoea 40 secs. 

Rate reduced to 6 per min. 
” 7 99 
” ” 4 5 


Be 
11 
| 
4 
4 
20 approx. 
ty 
‘ ” 
” 
97 4 
” 
” 
” 4 
4 
12 
q 2 
11-1 
10°3 
10 approx. 
11 10 ” 99 q 
4 
10 ” 55 5 99 4 
10 97 ae 9 4 
1 10 „ 4 
8˙3 
5˙2 10 „ later to 8 per min. 
5°01 ” ” 22 
12 
5 Apnea 20 secs. duration 
pe 5 Rate reduced to 6 per min. 3 
4 97 9 16 
4 
1 
** a 
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identical with those obtaining when the CO, mixture was used. In 
these no disturbance of respiratory movements occurred, the rate and 
amplitude remaining the same with or without the apparatus used. As 
a further control a rabbit was experimented upon under exactly the 
same conditions as the duck, and on breathing the CO, mixture, in- 
creased rate and amplitude of respiratory movement, varying in extent 
with the concentration of CO, used, resulted. 


Fig. 2. x}. Slowing produced by breathing air containing 10 % CO,. Administered 
for 1 min. 80 secs. between the points 4 and B. 


Fig. 3. x}. Slowing produced by breathing air containing 5°2°/,CO,. Administered 
for 2 min, 40 sees, between the points & und B. 

Efes of 00, on decerebrated duck, CO, administered by tracheotomy 
tube. As it was observed that in deep anzsthesia, ether had a slight 
slowing effect on the respirations, it was decided to eliminate the 
influence of the anwsthetic by performing the experiments on de- 
cerebrated ducks. The duck was decerebrated by Prof. Noél Paton 
in the manner described by him’, In all other respects the conditions 
were as before recorded, except that after decerebration no ansthetic 


TABLE II. 
Parentage of | 
air Result 
20 approx. 22 per min. _ Periods of apnea varying from 10 to 30 secs, 
87˙8 5 Rate reduced to 4 per min. amplitude increased 
1 . Rate reduced to 16 per min. 


? Quart. Journ. of Exp. Physiol. v1. p. 167. 
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was used. The results obtained were similar to those recorded above 
when the duck was anwsthetised with ether. Table II gives ee 
typical examples. 


Fig. 4 is a reproduction of tracing obtained on a duck ae 


inspiration of gas containing 20% CO,. 


Effects of CO, on ducks breathing by natural channel. To make 
certain that the opening of the trachea and the apparatus used had no 
influence in producing the apnea or slowing of breathing, the following 
method was arranged whereby the operation upon the duck and the 


apparatus described were dispensed with. A box of 50 litres capacity 


was fitted up with an inlet tube at one end and an outlet tube at the 


xd. See text. 2 mins. 
between the points A and B. 


other. Through the bottom of the box was led a sets of gas piping, 
one end of which could be connected with the rubber tube leading to 
the balloon on the duck’s chest, and the other end to the tube leading 
to the recording tambour. By this means tracings were readily obtained. 
A duck with a balloon fixed to the chest was placed in the box. The 


tube leading from balloon was joined to the gas piping, the other end 


of which was connected with the tambour. The lid was next screwed 
down. The CO, mixture was then forced in at one of the end tubes by 
hydrostatic pressure, and the original air allowed to escape by the tube 
at the other end. When it was considered that the box contained 
a uniform mixture of CO,, these tubes were closed, after which the duck 
was breathing by the natural method a gas, whose content of CO, could 
be determined by analysis. The box had a glass side so that the duck 
could be kept under observation. 

Records were obtained of the effects of breathing air containing 
20°/,, 10%, and 5% CO,. In some experiments the duck was 
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ansesthetised with ether, in others it was decerebrated. In both cases 
the results were of a like nature to those recorded in Table I. An 
attempt was made to obtain tracings on ducks neither decerebrated 
nor ansesthetised, but it was found that owing either to the abnormal 
surroundings or the abnormal air breathed they became so restless that 
it was impossible even to count the respiratory movements with accuracy. 

It was suggested to us by Prof. Noél Paton to employ a method 


described by him in the paper before quoted. The animal was simply 


blindfolded and laid on its back when it was found that, if it were 
undisturbed by movement or noise, it passed into a condition resembling 
hypnosis and the restlessness was enormously reduced. In this con- 
dition the variation of different individuals in the susceptibility to the 
influence of CO, was found to be greater than when the decerebration 
or antesthesia was employed but otherwise the apnoea or slowing was 
produced as before. Fig. 5 is a reproduction of a tracing obtained in 
such a duck. The duck was normal in every respect except that its 
eyes were bandaged, Its breathing was by the natural channel. 


Fig. 5. See text.’ 00, 10 % was administered for 2 mins. between A and B. 
. 00, 20 % was administered for 1 min. aa. 


B. Is THE ACTION OF CO, ON THE RESPIRATORY CENTRE 
DIRECT OR REFLEX ? ne 


_ Effect of CO, after section of vagi. This part of the study was 


undertaken to determine whether the influence of CO, in producing 


apnea and slowing is due to stimulation of inhibitory fibres in the — 
vagus, 1.8. is a vagus reflex, or to the increased tension of CO, in the | 


blood, acting directly on the respiratory centre. Luciani and others 
have shown that apnoea can be readily produced by forced ventilation 
in birds, Carlo Foal, experimenting on turkeys, produced apnea by 
forced ventilation through the lungs and air sacs, an egress being made 


1 C. Foa Arch. di Fisiol. vn. p. 195. 1900. 


through the air sacs and the abdominal wall. He advances reasons for 
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concluding that an apnœa may be produced as a vagus reflex caused by : 
distension of the air sacs. To ascertain whether the apnœa obtained 
by us might also be a vagus reflex an attempt was made to record the 


effects of CO, on the respiratory movements, after the possible inhibitory 


influence of the vagi had been eliminated by section of the nerves. 
The results were not uniform and were difficult of interpretation on 
account of the fact that after section of the vagi the respiratory 
movements tend to be extremely irregular, and that there usually 
ensues a period of apnœa broken by asphyxial struggles during which 
the CO, tension in the blood must be raised to a considerable degree, 
so that the administration of more CO, in the inspired air could not be 
expected to produce a marked effect. 

Influence of lactic acid. A different procedure was therefore adopted 
based upon the following considerations. Haldane and Poulton’ have 
suggested that the hyperpuca which occurs on the privation of oxygen 
may be partly due to the stimulating effect of the lactic acid produced 
under these conditions, and various observers have put forward the 
theory that the stimulation of the respiratory centre is not due to CO, 
per se but to the concentration of hydrogen ions in the blood. Therefore 
lactic acid in appropriate concentration in the blood should affect the 
respiratory centre in the same way as a corresponding concentration of 


We accordingly considered it would be of interest to ee the 
influence of lactie acid. 


The duck anssthetised with ether had one of its 0 N 
a glass cannula was inserted and 1 c.c. of a solution of lactic acid 


(varying from 1 to 4°/,) in normal saline was slowly injected into the 


blood stream towards the head. The results of 24 experiments are 
recorded in Table III. 

Of twenty-four consecutive experiments upon eight ducks fourteen 
showed apnea or slowing; ten no disturbance of respiration. Of the 
ducks used the negative results were all obtained in three, the other 
five giving positive results. In each case where slowing or apnea 
was produced the experiment was controlled by the injection of an 
equal amount of normal saline, which in no case produced the _— 
disturbance in the respiratory movement. 

A control was also done upon a rabbit and an increased rate of 


respiration occurred the corresponding of or apnoea 


in the duck. 
and Poulton. Journ. of Physiol. xxxviit. p. 390. 1908. 
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TABLE IIL 


nde 
1 1 10.0. 1% 9 per min. mene of respiration followed by apnoea 
secs. 
3 Apnoea 20 secs. 
4 ” 1 9 ” * 
„ Straggle followed by four periods of 
of 20 secs, with intervening 
thereafter respirations were slow and 
for 10 mins. then returned to 
3 20 per min. (decerebrated duck) 
Struggle, then pause of 20 secs. then returned 
7 1 9 Struggle respirations at 5 per min. 
II 8 on ee „ pause 10 secs, then rate 16 per min. 
: 3 During injection rapid shallow respirati 
5 Apnea 20 secs. thereafter rate came to 11 
per min. with decreased amplitude 
11 eS 3 Rate reduced to 4 per min. for 3 mins. 
IV 12 ee. 14 „ Struggle no slowing 
13 2 12 99 
14 4 16 
„„ No effect 
16 » 4 22 „ ” 
17 ” 4 16 ” * 
VI 18 oh eo Struggle no slowing 
19 No effect 
. 20 4 15 ” * 
VII 21 „ . Rate reduced to 10 per min 
22 14 Apnea 10 secs. 
24 a 4 12 ” » 20 ,, then rate 6 per min. for 


Fig. 6 shows the effect of the injection of 1 cc. of a 1% solution 
of lactic acid in normal saline with a control injection of normal saline. 

In view of the lack of uniformity of results obtained in this part 
of the study we consider it necessary to carry out further experiments. 


OC. EFFECTS OF PRIVATION OF OXYGEN. 


In mammals privation of oxygen does not directly affect the 
respiratory centre except in so far as it leads to deficient oxydation of 
the tissues and the consequent production of certain intermediate 
products of metabolism, eg. lactic acid, which probably acts upon the 
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centre exactly as does the specific respiratory stimulant, carbon di- 


oxide. In experiments conducted on man by Haldane and Poulton’ 
it was found that air containing only 10°/, to 12% of oxygen could 
be inspired without producing hyperpuca although the face became 
blue owing to deficient oxydation of the blood. In one recorded case 
respiration under those conditions was continued for 293 minutes 
the accumulation of carbon dioxide being prevented without hyperpnœa. 

In a series of experiments on the rabbit we found that the oxygen 
content of the air could be reduced as low as 3°7°/, and administered 
for 14 minutes without any disturbance of amplitude or rate of respi- 
ratory movement. 

Experiments were conducted upon the duck ansuthitined with 
ether. The percentage of oxygen in the respired air was reduced by 
mixing nitrogen and ordinary atmospheric air in varying proportions in 
the bell-jar. The nitrogen was procured compressed in a cylinder and 


Fig. 6. x}. Apnoea produced by 1 o.c. 1 % lactic acid injected to control at points 


A, Band C. At D1 .c. normal saline is injected as control. 


was led direct to the bell-jar where the mixing with air took place, and 
the mixture was then analysed to determine the exact percentage of 
oxygen present. In some cases the nitrogen was obtained by aspira- 
ting air through alkaline pyrogallate. Otherwise the apparatus and 
modus operands were the same as that described for the administration 
of the CO, mixtures. The quantity of the mixture used was usually 
1 litre. | 

The following results were obtained for various mixtures. 

I. Air containing 6°8°/, of oxygen. Rate began to increase after 
20 seconds and rose from 24 to 56 per minute. 

II. Air containing 8°8°/, oxygen. Rate began to increase after 


30 seconds and rose from 24 to 54 per minute. 


III. Air containing 12°/, oxygen. Rate began to increase after 
30 seconds and rose from 12 to 16 per minute. 
1 Haldane and Poulton. Journ. of Physiol. xxxvm. p. 890. 1908. 
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IV. Air containing 13˙5 17 oxygen. Within 50 seconds rate had 
increased from 22 to 26 per min., after two minutes it had increased to 
28. Ordinary air was then administered, two minutes later rate fell to 
24, and three minutes later to 22 per minute. 

V. Air containing 14°/, oxygen. Rate began to increase after 20 
seconds. Within 40 seconds it had risen from 21 to 30 per min. 

VI. Air containing 16˙4% oxygen. Rate rose 22 to 24 after 
one minute and to 26 after two minutes. 

VII. Air containing 18°/, oxygen. Rate rose 22 to 24 per 
min. in two min., on administration of pure air it fell to 20 in one 
minute, 

The amplitude of the respiratory movement. was usually slightly 
increased and the return to the previous normal rate began immediately 


Fig. 7 x}. Acceleration of respiration on breathing air deficient in oxygen. Between 
A and Bair containing 88 % oxygen was administered fori min. 40 sec, 


Fig. 8. x}. Result asin Fig. 7. Between 4 and B sir containing 14 % oxygen 
was administered for 1 min. 5 seo. 


on the en of pure air. The acceleration of the respiratory 
rhythm produced by such small diminution of the percentage of oxygen 


and the prompt response shown to the diminution indicate that the _ 


respiratory mechanism of the duck is stimulated by privation of oxygen 
to a degree quite unknown in the mammal, 

Different individuals vary in their susceptibility to privation of 
oxygen, but the variation is less than that found in the susceptibility to 
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the influence of C0, Figs. 7 and 8 show the effect produced on the 
respiratory rhythm by respiration of air containing 8˙8 1 2 05 of 
oxygen respectively. 


D. THE INFLUENCE OF THE VAGUS. 


| In mammals, section of the vagi leads to decreased rate of respiration 
which is compensated for by increased amplitude. The pulmonary 
ventilation is thus maintained unaltered. Electrical stimulation of the 


_ Vagus causes inhibition of respiratory movement. Scott? in his research 


on the subject has shown that the action of the vagus is to limit 
the extent of respiratory movement both inspiratory and expiratory. 


- Haldane? reaches the same conclusion. As regards respiration there- 


fore the vagus in the mammal is essentially an inhibitory nerve. 


Fig. 9. „1. Right vagus was cut at 4, left at B. 


Fig. 10. x}. Series of respirations produced by electrical stimulation of central end 
ol vagus after section of vagi. Sa 
electrical stimulus. 


Section. In our work we found that section of one vagus 5 


3 slight decrease in rate which is not compensated for by any degree of 


increase in amplitude of respiration. On section of the second vagus 
—— the result was not constant there usually ensues a period of 


1 Scott. Journ. of Physiol. XVI. p. 817. 1908. 
2 Haldane. B. M. J. Aug. 29. 1908, 
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apnoea broken by asphyxial struggles. After a time varying in length 


up to five or six minutes respiratory movements return but these seem 
to be irregular in rhythm and spasmodic in nature, consisting of very 


rapid inspiratory and expiratory efforts. In a few ducks section of the 


vagi did not produce this marked effect, respiration of the normal type 
continued though the rhythm was slowed. 

Stimulation. The effects of stimulation of the central end of the 
vagus were well marked. In some cases mechanical stimulation by 
_ gently pinching, liberated at once a normal respiration. In all cases 


respirations could be liberated by electrical stimulation. A current of 


much less strength than it was possible for us to detect by placing 
the electrodes on the tip of the tongue was usually —_ efficient in 
producing a respiration. 3 

Excitatory fibres are thus quite definitely shown. to exist 3 from 
the apnea produced on section of the vagi it would appear that these 
play an important part in the maintenance of normal respiration in the 
duck. On only one occasion could the presence of inhibitory fibres be 
detected. These were stimulated by a current much more powerful 
than that necessary to stimulate the excitatory fibres. 

Further investigation is being carried on on questions arising out of 
the results given in the paper. 


We desire to acknowledge our indebtedness to Prof. Nosl Paton 
under whose direction and with whose assistance the research has 
been carried out and this paper written. 


SUMMARY. 


1. In the duck the presence of carbon dioxide in the inspired air 


acts as an inhibitory influence producing either slowing of respiratory 


movement or complete apnoea, according to the percentage of carbon 


dioxide present. 


2. Lack of oxygen in the inspired direct 


_ stimulus causing acceleration of the respiratory rhythm. 

3. The vagus contuins excitatory fibres which are very readily 
stimulated. These probably play an essential part in the maintenance 
the respiratory movement. 


_ Part of the expenses of this research was defrayed by a grant made to Prof. Noé] 
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THE nature of the response of cardiac muscle to stimulation, though 
independent of the nature or intensity of the stimulus provided it is 
effective, is intimately dependent upon the conditions under which the 
muscle is placed. Of the conditions immediately affecting the response 
of the muscle, those determined by its previous activity are of peculiar 
interest and importance, since their influence has to be considered in 
practically every experiment on the spontaneously beating heart. For 
the beating heart is in a complex dynamic equilibrium. The character 
of each individual beat depends, inter alia, upon the lapse of time 


. between that beat and its predecessors. Therefore, since almost any 


change in the chemical environment of the heart, or any stimulation of 

the cardiac nerves is apt to cause alteration in the frequency of the 

to enquire extent the 
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changes observed in the individual beats as a consequence of such 
change in chemical environment or nerve stimulation may be due to 
the alteration in frequency. 


On the accuracy of the spontaneous rhythm of the sinus venosus. 


Although the regularity of the beat of a heart kept at a steady 


temperature and isolated from nervous control is a notion accepted by 
every physiologist, the idea is derived chiefly from the inspection of 
tracings on comparatively slowly moving surfaces and on counts of the 


number of beats in some selected interval. I do not know of any 


work specifically dealing with the question as to the equality of 
the intervals between a series of consecutive beats of the isolated 
heart. The moment at which contraction starts in the auricle or 


ventricle is not sufficiently definite to allow of very exact determina- 


tion. The electrocardiogram, on the other hand, gives an exceedingly 
sharp and clear point in the cardiac cycle in the upstroke of the ventri- 
cular “spike,” Measurements of the intervals between successive heart 
beats in the intact mammal have often been made from the electro- 


_ eardiogram, and they demonstrate in the clearest possible way the 


- rhythmic variations in the cycle due to nervous influences, in particular 
those correlated with the respiratory movements. 

I shall give here a few measurements made on various hearts under 
conditions comparable with those which obtained in the ns to 
be discussed in the later sections of this paper. : 


Time intervals are expressed in seconds. 


) Rana temp. 1°71"; 1°70: 1°70: 1°68: 1-70: 1°71: 1°70: 1°70; 1°70: «1°70: 


1°70: 170: 1-69: 1°70: 1-70: 1°70: ies 1°71: 170: 1°71: 1°70; 1°70; 1°71: 1°70: 
1°70: 1°71: 1-70. 

_ Rana temp. 1°94": 1°97: 1°97: 1°98: 1°97: « 1°96: 1°97: 1°96: 1°96: « 1°97: 1°97: 
2°00: 1°97, 

(2) Torpedo ocellata, 1°34”: 1°35: 1°35: 1°35; 1°84; 1°34: 1°86; 1°85: 1°34; 134. 
Torpedo ocellata, 1°42: 1°42: 1:42: 1-42: 1°43: 1-48: 1-43: 1°48: 1°48. 

(4) Emys orbicularis. Heart intact. 

(a) 2°09": 2°09: 2°08: 2-09: 2°09: 2°09: 2°09: 2:09: 2-09: 2°07: 2°10: 2°09: 2°09: 
2°10: 2°09: 2°08; 2-09. 

Some time later same heart, auricles excised, lying on glass plate. 

(b) 2°70": 2°69; 2°70: 2°69; 2°72: 2°60: „ 2°69: 2°67: 2°70: 2°70: 2°78 „ 2°70: 2-72: 
2-71; 9°72; 2°72. 


They were made by taking simultaneous records on rather rapidly 
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* fork signalling 01“ or a vibrating reed. The hearts were exposed and 

* suspended, and electrodes placed on the apex and base. The image of 
5 the string was so arranged that the “spike” cut across the time tracing 
so as to allow of easy measurement. 

In certain of the experiments, some of which are quoted below, it 
was sought to determine whether very intense air vibrations would have 
any effect in causing premature dis- 
charge of the spontaneous beats. 
Results on this point were negative. 

= The data show that even under 

| the crude conditions of these ex- 

_ periments, in which the hearts were 
not perfused nor placed in a thermo- 
stat, the rhythm remained constant 1 
to within about 1% over a long series 
of beats. 

I shall now describe another 
method which I have found useful 
for the detection of relatively small 

a variations in rhythm of the heart, 
. without the necessity of measuring 
. long photographic tracings. It con- 
sists essentially in synchronising with 
the cardiac cycle a rotating wheel 
driven by an independent motor, and 
observing to what extent the syn- 

* chronism is maintained. | 
5 The apparatus which I have used 
bor this purpose is shown in Fig. 1. 
a It consists of a large Rayleigh motor 
or phonic wheel driven by the intermittent current from a circuit 
including a 4-volt accumulator and a tuning fork giving 50 complete 
vibrations per second. The phonic wheel has thirty teeth and rotates 
therefore 100 times per minute. This wheel is mounted on ball 
. bearings and bears a e cone of the form shown in the diagram 
(Fig. 2) 
45 A massive bracket attached to the base of the apparatus carries 
a: a large bearing in which the shaft B slides vertically. The hollow cone 
in which the lower end of B terminates rests on the male cone of the 
motor. By means of a fine-pitched screw the relative positions of shafts 

23—2 
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A and B can be adjusted with precision. When B is directly over A 
the shafts turn at the same speed; as B is moved away from A so that 


the point of contact of the rim of B’s cone with A’s is nearer and nearer 


the apex of the latter, the rate of rotation of B becomes less and less. 
This simple transmission, which was devised by Mr Robinson of Messrs 
W. G. Pye and Co., works over a wide range with sur- 
prisingly little slip and has proved most valuable in the 
course of this work. The speed of the shaft B can be 
adjusted with the greatest ease while the apparatus is 
working: the uniformity of movement of the motor is 
assured by the tuning fork. The shaft B carries a 
recording cylinder for use in certain cases and also 
projecting arms which can be clamped in any desired 
position for the purpose of making 1 contacts 
during the revolution. 


Fig. 3. 


The apparatus was tested first by comparison with a pendulum. 


A heavy bob attached to a long thread made 27 oscillations per minute. 
This pendulum was made to move a light lever, provided with a Bayliss 
pointer terminating in a bit of aluminium foil. This was arranged to 
write on a slowly moving kymograph. Parallel to the drum axis and 
near, but not touching, the pointer was a stout copper wire connected 
with the high tension terminal of an ordinary small ignition coil. The 
contacts of the variable rhythm apparatus were placed in the primary 
circuit of the coil. Fig. 3 shows tracings obtained in this way. In 3a the 
rhythm of the apparatus was rather slower than that of the pendulum 
while in 3b there was almost perfect synchronism. By arranging the 
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phases of pendulum and rotator so that the sparks are delivered when the 
lever is moving at its fastest, i.e. in the middle of its swing, it is evident 


that as small a deviation from synchronism can be detected by mere 


inspection of such a tracing as could be detected by measurement of 
simultaneous records from the two sources taken on a surface travelling 
for the whole cycle at the maximum speed. The smoothness of the 
curve traced out by the sparks in 3a and the straightness of the line in 3b 
indicate that the accuracy of the rhythm of the rotator is of a high order. 

In Fig. 4 the lever was moved by a frog’s heart, suspended and 
beating spontaneously. In 4a the approximate synchronism of the 
rotator had been adjusted; at the beginning of the tracing the sudden 
rise in the position of the spark was produced by altering the relative 


Figs. 4 and 5. 


phases of rotator and heart, the spindle of the rotator being lifted for an 
instant by hand. This can be done without affecting the adjustment of 
the transmission. As is seen in the record, the approximate synchronism 
was maintained during the next 16 beats. The period of the rotator 
was very slightly less than that of the heart cycle. During the period 
marked by a white line on the tracing the beam from a small Leitz are 


lamp with condenser at a distance of several metres was allowed to fall 


on the heart. The quickening, due to the slight warming, is immediately 
apparent in the altered position of the sparks. Similarly, Fig. 4b shows 
the effect of breathing once very lightly on the heart, at the point 


marked by an arrow in the tracing. It is evident that the position of 


the spark on the-tracing would be altered either by a change in the 
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854 G. R. MINES. 
rhythm of the beats or by a change in the velocity of contraction of the 


ventricle. But if the latter changed to a greater value the effect would 


be displacement of the spark which would then retain a steady position 


in successive beats. If the rhythm is altered there is a corresponding 


displacement in successive cycles even though the new heart rhythm is 
maintained without any acceleration, positive or negative. Fig. 5 shows 


the prolonged effect of a very slight degree of warming. Even at the 


end of the tracing the rhythm has not quite returned to its normal 
value. 

Such observations throw into relief the regularity of the spontaneous 
rhythm of the heart when left to itself. | 


Some relations between duration of cycle and height of contraction. 


The regularity of height generally observed in a series of ventricular 
contractions depends largely though not wholly on their being evenly 


spaced. A change in rhythm usually involves a change in the height 


of contraction of each beat. The nature of the relations varies in 


Fig. 6. 
different cases; a quickened rhythm may lead to larger or to smaller 
contractions. 


In the tortoise heart beating spontaneously at a temperature of 
about 15° C., if the rhythm of the excitations of the ventricle is slowed 


without other external change, provided this slowing is not excessive, 


there is a well-marked increase in the amplitude of the ventricular 


contractions. This is very well seen in Gaskell’s experiments on the 


stimulation of the vagus. Gaskell (1880) showed that the vagus has 
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no direct action whatever upon the ventricle of the tartohs; his figures 
show again and again that only when there is arrest of the WN is the 
ventricle stopped. After such arrest the ventricular beats are at first 


greater. A repetition of this experiment is given in Fig. 6 for 


comparison with the other cases which follow. Here it is seen that the 
rhythm of the auricle after the arrest was a little slower than before, 
and so the ventricular contractions were a little higher. 

The frequency of excitation of the ventricle in the spontaneously 
beating heart may also be altered by Gaskell’s method of slitting up 
the auricle so as to obtain partial block. Fig. 7 illustrates the point 
well. When the condition of half block is reached, it is seen that the 
ventricular contractions are distinctly higher; the condition lasted only 


for two ventricular beats in this particular instance. A longer pause 


Fig. 7. 


follows and then a beat gets over. The contraction is of just about tlie 


same height as those at the beginning of the tracing. A still longer 


pause follows; the application of a slightly alkaline Ringer’s solution 
to the auricle bridge removes the block and it is then seen that the 
contraction which appears in the ventricle is much smaller than any before. 
Further, the recovery of the original rhythm is accompanied by marked 
increase in the height of the successive ee We recognise, in fact, 


an ordinary Treppe.“ 


For a particular ventricle, under a given set of external conditions, 
there exists therefore an “optimal” rhythm at which the amplitude of 
the contractions will be greatest’. Too fast a rhythm or too slow arhythm 


involves smaller contractions. 


have acquainted With the admirable work of 
Bornstein (Archiv f. (Anat. u.) Physiol. 1906, p. 343; Ibid, 1907, p. 388; Ibid. 1909, 
p. 100). Bornstein has developed the conception of an optimal rhythm as regards 
height of contraction in heart muscle and he has shown that this optimal rhythm is 
increased by a rise in temperature and markedly altered by a number of drugs. 
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The spontaneous rhythm of the heart may be on either side of the 
optimum. 

At a temperature of 12° or 15°C, the rhythm of the sinus of the 
tortoise heart is on the “quick” side of the “optimum” rate for the 
ventricular contractions. Thus, provided the whole musculature reacts 
on each occasion, in the tortoise heart under the conditions mentioned 
an extra systole of the ventricle will be of smaller amplitude than the 
ordinary contractions while a missed beat will be followed by a contraction 
greater than those preceding it. Such are indeed the experimental facts. 
The condition in which the spontaneous rhythm of the sinus is on 
the “slow” side of the “optimal” rate for the ventricular contraction, 
I observed repeatedly in experiments on the excised hearts of the 
elasmobranchs Torpedo ocellata and Scyllium canicula at temperatures 
ranging from 20° to 25°C. In many cases the effect of slowing the 


| Fig. 8. 


rhythm was to diminish the height of contraction, while quickening the 
rhythm increased the height of contraction. An instance is given in 
Fig. 8. At the beginning and at the end of this tracing the ventricle 
was beating in response to excitations arising in the sinus; during the 
middle portion rhythmic stimuli at a greater rate were sent in. This 
tracing resembles some of those obtained by Cushny (1912) from the 
isolated ventricle of the cat, beating spontaneously and therefore at a 
rate slower than the ordinary sinus rhythm. Yet Cushny’s results do 
not appear capable of such simple expression as mine, for in some of his 
figures, it is seen that either a shortening or a lengthening of the normal 


pause results in an increased contraction. This applies however only to 


particular beats; it is not shown that there exists a“ pessimal ” rhythm 
somewhere in the middle of the observed range. There remains the 
possibility that in such cases there was sometimes contraction of 


a portion of the musculature which at other times was in abeyance, 


just as in Fig. 7 the various sizes. of the auricular contractions do not 
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denote difference in the strength of contraction of the contracting 
muscle but merely differences in the amount of muscle which contracted. 

It is observed that when a steady new rhythm is started, whether by 
natural or artificial excitations, the attainment of an apparent equilibrium 
as regards height of ventricular contraction is generally complete within 
half a dozen beats. In Fig. 9 I have plotted the heights of contraction 
1 in such equilibria against the frequency of stimulation in an experiment 
= on the excised heart of Torpedo ocellata at about 24°C. The optimal 


: rate was in this instance so high that, owing to the slowness of relaxation 

2 of the muscle it could not be satisfactorily determined. vs 

24 

it 

&r 

0 

* 

q 

Duration of cycle 

4 Fig. 9. 

8 

Deration of cycle 

„ 

a In the tortoise heart, the auricles, when uninjured, may show definite | 
F relations between the strength of contraction and the rhythm of 
5 excitation, similar to those described for the tortoise ventricle. I have 
* plotted three observations on conditions of equilibrium from an experi- 
maent on the isolated tortoise auricle in Fig. 10 on the same scale as 
4 Fig. 9. It represents the opposite extreme, where the optimal 
4 rhythm is of extreme slowness. | N 
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Relations between duration of cycle and certain features 
of the electrocardiwgram. 

In the fullowing experiments I attempted to gain some eee 
as to the effacts of alteration of frequency of excitation on the character 
of the individual electrical responses of the heart. I have discussed 
elsewhere (1913) the principal significant features of the experimental 
electrocardiogram. The methods of derivation were those described i in 
my former paper. 


13° « 


O eight of mechanical response 
— on right ) 


Duration of Cycle 
Fig. 11. 


made most satisfactorily of the duration of the cycle, of the a—v interval 
and of the total duration of the ventricular complex—+.e. the duration of 
the excited state in the ventricle. In order to control the frequency of 
the excitations I employed the apparatus described in a previous section, 


the other across the terminals of the secondary coil of an inductorium, 
so that the arrangement would deliver a single break shock for each 


From the records on quickly moving paper measurements may be } 


and arranged two knock down keys with springs, one in the primary and 
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revolution. Ueing the heart of the frog it was found that the application 
of induction shocks to auricle or ventricle often caused reduction in size 
of the spontaneous beats, even when the stimuli fell within the refractory 
period; the effect was evidently due to the stimulation of the intracardiac 
inhibitory apparatus. I therefore injected the frogs, after pithing the 


brains and some hours before the experiment, with a dose of atropine 


(lec. of a 1% solution of the sulphate (Merck), subcutaneously) 
sufficient to paralyse the inhibitory endings. To remove the natural 
sinus excitations I tied a Stannius ligature. Mechanical records of one 
auricle and ventricle were taken at the same time as the electro- 
cardiogram. The stimulating electrodes were placed upon the auricles, 
or in some cases on the ventricle. These experiments were carried out 
at a temperature of 13° to 15°C. The results may be stated in a very 


0 
© 
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Duration of ventr, complex 


Auriculo- ventricular interval 


Seconds 10 id re 30 


Bigs 12. Atropinised Stannius preparation, frog. Induction shocks applied to auricle. 


The points show duration of the periods indicated in single heart beats. Effect of 
missing stimuli. ; 


few words. It was wan that over a wide range of excitation 
frequencies, the electrocardiograms attained a constant form after 
a small number of beats at the new rhythm. As a rule records were 
taken of two or three beats at some particular rhythm, after the heart 
had performed about ten beats at this rhythm. Comparing a series of 
such tracings it was noted that as the frequency of the excitations was 
increased, provided the heart was able to respond to each, the duration 
of the electrical response in the ventricle diminished, while the duration 
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of the Av interval increased. I have already published an example of 


the curves obtained by plotting such an experiment (Proc. Phys. Soc. 
May, 17, 1913) Another example is given in Fig. 11. Intermission of 
one or more excitations in such a rhythmic series was always followed 


by an increase in the duration of the electric response in the next beat 


and a decrease in the A—V interval (Fig. 12). Precisely similar relations 
were found to occur if the stimuli were applied to the ventricle. The 
duration of the v-A interval was found to be subject to the same 
modifications as the A-V interval (see Fig. 13). | ee 


kL | © 
1.0% purat ion of ventr. complex 


0.5%. V-A interval „ 


5" 10% 15" 


Fig. 13. Same as Fig. 12, but stimuli applied to ventricle, at rather higher frequency. 


It was found that the time occupied in the rise of the ventricular 
spike also increased when the frequency of excitations was raised. 
Burdon-Sanderson (1884) first pointed out that the rate of rise of 
the spike gave information as to the rate of propagation of the excited 
state in the ventricle. Since the rate of propagation is reduced with 
greater frequency of excitation, it follows that under this condition the 
total duration of the excited state in the ventricle is greater than it 
would be if the rate of propagation were unaffected. The shortening of 
the electric response is more marked if the curves are measured from 
the downstroke of the spike (which is always very sudden in the 
uninjured heart) than if measured from the upstroke. 

In Fig. 14 are given measurements from tracings taken with the 
heart in equilibrium at different rhythms, illustrating this point. 
A little reflection will show that the total duration of the ventricular 
complex represents the time during which there is any electrical 

_ disturbance in any part of the muscle between the two electrodes. 
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The downstroke of the ventricular spike represents the instant of 


arrival of the wave at the distal electrode while the interval between 
this point and the end of the final variation represents (in those cases, 
at any rate, where propagation has been slow) the duration of the 
excited state under the distal electrode. 

From these experiments, then, the inference is justified that in the 
muscle excited frequently each wave of excitation is propagated more 
slowly and yet lasts a shorter time at any one = in the musele. In 
the experiments so far described, 
the shortening of the wave has 
been such as to exceed the slow- 
ing and thus the total duration 
of the excited state in the 
ventricle as a whole has been 


1.5" 


of tissue between the electrodes 
were sufficiently increased, the 1-0 
same amount of slowing or short- 
ening of the wave of excitation, 
which in these cases has resulted 
in a reduction, would produce 0,5” 
either no change or else an actual 
increase in the total duration 


Tome ocwpied 
of the excited state in the tissue 6 


as a whole. Similarly exaggera- " 

tion of the slowing would yield a 

the same results. Fig 15 shows 
a case in point. This experiment 

also brings out an important fact royanding. the differentiation of 
the musculature responsible for the A-V transmission and the ventricular 
musculature, It is seen that the curve expressing the time of con- 
duction of the electrical disturbance through the ventricular muscle 
does not begin to rise until a frequency of excitation is reached con- 
siderably higher than that at which the a-V interval is perepubly 
lengthened. 

Heart block. By 3 increase in the frequency of the stimuli 
applied to the auricles a rhythm could be reached at which every fourth 
or fifth beat failed to be transmitted to the ventricle. Again, with a 
slight quickening of the rhythm, every third beat would fail to pass, 
and again, with a slightly quicker rhythm there would be established a 


. 
. 
7 
2 
N 
— 
* 
. 2 
me 
4 
25 
ig 
7 
Duration of Mal eleck 
) * 
a 
of bike“ ond vars 
* e 
0 d 
rom 
| of St Ke 0 Vat ; 
| A 
| cy 
E 
7 
* 
iy 
5 ag 
— 


362 G. R. MINES. 


condition of“ half- block, every alternate beat being transmitted to the 
ventricle, The condition of half-block is easily maintained for pro- 
longed series of beats: the other conditions of partial block are less 
stable, but may often be kept up with regularity for very many cycles. 
Their mechanism becomes clear from a consideration of the electrical 
records. On repeated excitation at a rhythm faster than that maintained 
before, the AV interval tends to increase to a new equilibrium length. 
But equilibrium is not as a rule attained until several of the beats at 
the new rhythm have taken place. Thus in the early part of such a 
series the A-V interval becomes a little larger in each successive beat. 
Presently a beat is missed—then several are passed again and so forth. 


\ 

— 


Duration of Cycle 
Fig. 15. 


Again, if the period is adjusted so that the auricular excitations are 
followed alternately by ventricular responses (half-block) it is found 

that if several excitations are cut out, by closing an additional short- 
circuit key in the secondary, when the stimuli are admitted again at 
the same rhythm, two or three beats will pass in succession before the 
half-block is re-established. 

Thus, approached abruptly, a rhythm is transmitted of cher : 
frequency than could be transmitted if approached gradually. | 

In these experiments I found always that the auricle was able to 
respond to a rhythm of higher eo that capable of transmission 7 
from auricle to ventricle. 
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In sharp contrast to these relations stand those between the 
rhythm of stimulation and the response of a single chamber. If 
the electrodes are placed directly on the ventricle and the stimuli 
sent at shorter and shorter intervals, the duration of the ventricular 
complex of the electrogram becomes shorter, though not in the same 


proportion. It has often been remarked that the duration of the 


refractory period in heart muscle is related to the duration of the 
electrical response. In view of the data recorded in this paper a new 
and simple test of this notion is possible. If the absolute refractory 
phase of the ventricular muscle is directly related to the duration of 
the electric disturbance in the mnscle, the ventricle should be 


able to take a higher rate of rhythm if this rate is approached 


gradually than if approached abruptly. 
This deduction I have tested repeatedly with definite results. It is 


best demonstrated in the following way. The atropinised ventricle 


of the frog is arranged for stimulation with the apparatus described. 
Very thin platinum wires are tied on to the ventricle, care being taken 


that they do not touch any remnant of auricle or bulbus. The stimuli 


are sent in at first slowly, the rhythm is gradually quickened and the 
increase in frequency of the stimuli continued with the aid of the fine 


adjustment until the condition of half-rhythm appears i. s. the ventricle 


responds to every other stimulus. The frequency at which this condition 
appears is noted. The rhythm is then slowed down until the ventricle 
again follows every stimulus. The rhythm is next increased gradually 
until it reaches a frequency somewhat less than that at which half. 


‘rhythm came on in the first trial. The ventricle continues to follow 


this regular rapid rhythm. If two or three of the induction shocks are 
short-circuited, and then the stimuli are sent in again at the same rate 
as before, it is found now that the ventricle responds only to every 
alternate stimulus. The explanation is simple enough. After the 
pause, the next response of the ventricle has a longer electric response 
and a longer absolute refractory period: the second stimulus of the 
new series therefore falls within the refractory phase and produces 
no response. The third stimulus finds the muscle excitable, the fourth 
inexcitable, and so on. But when the same rate of stimulation was 
approached by a gradual acceleration, each stimulus fell just outside the 


‘refractory period of the response due to the last, and thus while the 
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rhythm was accelerated the duration of the refractory period, like. that 
of the electric response of the ventricle, became shorter and shorter. 


Either of these conditions of equilibrium for this particular rhythm 


of stimulation may remain stable for a considerable time. The case 
provides a most interesting example of the way in which the previous 
history of the tissue may influence its immediate behaviour. 

The same arrangement enables us to get a quantitative measure of 
the refractory phase of individual beats with two different rates of 
excitations. The procedure is as follows. The atropinised ventricle 
is stimulated with shocks at a frequency of say one in two seconds. 
The ventricle responds to every shock. The rate of stimulation is then 


very gradually increased so that each cycle is a very little shorter than 


that preceding it. The ventricle continues to follow the accelerated 
rhythm until a critical value is reached when it drops abruptly to half- 
rhythm. The stimulus first missed fell just inside the refractory phase 
due to the response aroused by the preceding stimulus. The rate at 
which stimuli are being delivered is now determined accurately by 
counting the revolutions of the stimulating apparatus in one minute. 
The period of the cycle is then very slightly less than the refractory 
phese of the ventricle when beating at the high speed. By moving 
the adjusting screw through a definite fraction of a turn each time, and 


turning it back this fraction when the half-rhythm is assumed, a more 


accurate measure of the cycle and refractory phase is obtained, but the 
difference between this and the other method ‘is very slight. After 
having obtained the measure of the refractory phase at the highest 
frequency of response of which the ventricle is capable under the 
conditions of the experiment, the next step is to reduce the frequency 
of the excitations. It is found that the heart continues to respond 


to every second stimulus only, even when the frequency is reduced far 


below the value at which, on the ascending scale, every stimulus was 


followed by a mechanical response. By continuing the gradual retarda- 
tion of the excitations a rate is ultimately reached at which the heart 


suddenly resumes the same frequency as the stimuli. The period of 


the cycle is now very slightly greater than the refractory period of the 
ventricle when beating at the low rate (see Fig. 16). The results 
of such an experiment will best be appreciated from diagrammatic 
presentation as given in Fig. 17. | 
In another experiment the following values were obtained: 
Duration of cycle 1°94” 
Refractory period 
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It is seen that over a quite considerable range of frequencies of 
excitation, there exist two possible equilibria, stable so. long as the 
heart continues beating regularly and without interruption. We have 
seen how in this meta-stable condition, the transition from “whole” to 
half-rhythm may be brought about by the intermission of one or more 
excitations. The reverse transition, from “half” to “whole” rhythm 
may be brought about while the rhythmic stimuli from the apparatus 
continue, . This is done by interpolating an extra stimulus at the 
proper time. An extra stimulus, applied shortly after the stimulus to 


4 14 1 1. 


4 i 4 4 


| 
which response is missing, may provoke an extra systole. The extra 
systole will of course have a refractory phase shorter than the refractory 


phase of the preceding beats, and although the next of the rhythmic 


series of excitations will fall within it, the next but one (belonging 
to the hitherto “ unaccented ” series) will find the tissue ready to respond. 
But it will also reach the ventricle sooner after a response than has an 
effective stimulus before; thus the refractory phase will be shorter 
again, and probably so short that the next stimulus falls outside the 
refractory phase. Once started the new heart rhythm continues. The 
nature of the mechanism by which one single extra systole may under 

PH. XLV. 24 
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certain circumstances produce enduring effects on n the heart cyt is 


thus quite evident. 

The transition from whole to half- rhythm is not always: so simple. 
- Particularly when the ventricle has been suspended for some time, the 
condition of alternation makes its appearance and complicates matters 
to some extent. The refractory phase of some portions of the muscle 
differs from that of other portions, and therefore the frequencies at 
which they adopt the new manner of response are different, Fig. 18 
was taken from the same experiment as Fig. 16 but 20 hours later, the 


ventricle meanwhile remaining suspended in moist air. It is seen from: 


the tracing that the transition from one rhythm to the other is marked 
by a period of alternation. Sometimes there is a period of partial 
tetanus. 


Fig. 18. 


Alternation. 


The condition in which cardiac muscle acted upon by aie 
stimuli (either natural or artificial) responds with alternate large and 
small contractions, has been of late the subject of much discussion. 


The explanation offered in 1882 by Gaskell for the condition observed 
by him in the frog’s ventricle has been often misinterpreted. Properly — 
understood, it seems to account for all the diverse phenomena of alterna- 


tion. “Owing to some cause which affects the ventricle unequally, the 
excitability of the ventricular muscle is at the time not absolutely the 
same throughout, so that, although the impulses remain the same in 
strength, yet certain parts which possess a lower excitability are able to 
respond only to every second impulse while the rest of the tissue 
responds to every impulse” (Gaskell, loc. cit.). In other words, while 
some of the muscle follows the rhythm of the stimuli, other parts take 
the half-rhythm. The mistake which has been made in interpreting this 
hypothesis is to assume that the portions of the muscle which take the 
half-rhythm all follow the odd or all follow the even series of stimuli 
(Muskens, 1907; Hering, 1908). Yet there is no ground for such an 
assumption: indeed it is incompatible with many experimental results. 
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In particular I would call attention to the cases, not infrequent, where 


a marked alternation of the electrogram exists in the absence of any 
apparent mechanical alternation (Mines, 1912, Figs. 8 and 10). 

If we call the whole musculature under consideration V and the 
muscle whose excitability is lower than the rest v, this portion must be 
subdivided according as it chances to respond to the odd or the 
even series of excitations. The alternating series will usually run 
thus: Du, Un, Fun, Pw, ete. not simply F, Vu, V, V-». 
The latter respresents indeed one special case, but cannot be reconciled 
with the condition of p. alternans celatus which I have described, nor 
yet with many clinical observations. On the rational interpretation of 
Gaskell’s hypothesis, p. alternans celatus represents the case where 
v,=,, 80 that their mechanical effects are alike, but owing to their 
different positions in relation to the electrodes, their effects on me 
electrogram are dissimilar. 

In 1909, Hering arrived at a correct interpretation of Gaskell’s 


hypothesis which he expressed by saying that in the alternating 


ventricle every beat is a partial asystole. 

Against this view, H. Fredericq has levelled strongly adverse 
criticism. He maintains that the “partial asystole” hypothesis is upset . 
by some observations made by himself (1912) and by Weekers 
(1906). -Fredericq’s objections are as follows: (a) Even in a small 
strip of muscle exhibiting alternation he has failed to see alternate 
contraction of different parts of the muscle. (b) If the rate of stimu- 
lation is reduced, alternation may continue over a considerable range. 
(c) The periodic variation in height of contraction may be sometimes 
more complex than mere alternation. (d) Alternation may be elicited 
from auricular muscle as well as from ventricular. 

I shall examine these objections in order. : 

(a) There is no reason to expect that the portions of muscle which 
exhibit periodic asystole should form circumscribed masses. They may 
consist. equally well of fibres distributed pretty evenly through the 
muscle and not necessarily in direct connexion with each other. Under 
such circumstances mere naked-eye inspection will certainly fail to show 
whether movement of some portion of the muscle is active or passive. 

As a matter of fact, in advanced alternation of the frog’s ventricle it 
sometimes happens that the alternate asystole of some portion of the 
muscle can be made out by simple inspection. But this is not usual. 

(6) If the refractory phase remained of constant length under 
various conditions it would certainly be hard to understand why, on the 
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partial asystole hypothesis, reduction in frequency of stimulation of 
an alternating strip should not immediately abolish alternation, the 
stimuli falling outside the refractory period of the “asystolic” portions of 
the muscle, But, as I have shown, reducing the frequency of excitation 
increases the duration of the refractory phase of each excitation. There- 
fore alternation may sometimes persist over a considerable range of 
frequencies. | 
(e) This offers no real difficulty. The condition in which the 
muscle responds to every third stimulus is stable over a certain range 
of excitability and of frequency of excitation. So also is the condition 
in which every third stimulus fails to excite a response, Now if some 
portions of the “ periodically asystolic” muscle are in either of these 
relations while other portions are in the simple “alternating” relation, 
it is obvious that such a condition offers a reasonable basis for a great 
variety of complex rhythms. In this way such rhythms as that seen in 


Fig. 19. | 
nes Auricle strip from tortoise stimulated with strong induction shocks at regular 


Fig. 19 receive their easiest, explanation. Yet since the ranges of 
excitability and of stimulation frequency over which the } rhythm or 
the missed third beat are stable are much narrower than those com- 
patible with simple alternation, it is not surprising that the latter is a 
much commoner condition than the more complex types of rhythm. 

(d) The phenomenon of alternation in the auricle has been seen less 
often than alternation in the ventricle because the majority of observa- 
tions have been made on naturally beating hearts. The duration of the 
refractory phase in the auricle is less than that in the ventricle, and 
while the natural rhythm of the sinus fairly often reaches such a 

frequency that portions of the ventricle drop to half-rhythm, this rarely 
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obtains for the auricle, Yet by. artificial stimulation, as Fredericq has 
shown, the auricular muscle will show the condition of alternation. 
Although Gaskell’s hypothesis does not require that the portions of 
muscle which fail to respond to alternate excitations shall be visibly 
separated, yet it is possible to arrange experimentally that they shall be. 
The experiment I shall now describe shows very clearly that a series of. 
similar stimuli, passing through one and the same region, may excite 
two different tracts of muscle alternately. It also affords direct evidence 
in support of an hypothesis advanced elsewhere to account for the fact, 
observed by Windle (1910) and others, that the interpolation of an 
extra systole is very liable to alter the course of alternation, but may 
either increase or diminish it. 
A ring is cut from the auricles of a tortoise. It is suspended from 
a thread tied round at one point so as to produce block. The ring is 
caught below by two stout platinum hooks (see Fig. 20). A single 
stimulus applied anywhere to the quiescent ring causes contraction in 
all parts of it. With the apparatus before described break induction 
shocks of equal strength and evenly spaced are passed through the 
platinum electrodes. The whole ring responds to every stimulus. The 
frequency of the stimuli is increased until a stage is reached when the 
whole ring responds to every second stimulus, Thus: 
a Bt, 81 St, 
471 — A+B — 
If now a mechanical or electrical stimulus is applied to one side or 
the other, so as to provoke an extra systole (it must come, of course, 


shortly before the effective member of the rhythmic series which is 


being continued), the character of the responses at once changes to 
this : | 

Another extra systole, or the intermission of a few of the rhythmic 
stimulations, will restore the first condition where A and B go off 
together. It seldom happens that A and B are of equal strength and 
thus the record made by a lever to which the string is attached will 
show alternation in height of responses when A and B contract alternately. 


Tracings for such a preparation are shown in Fig. 21. 
The experiment provides a coarse model of extreme alternation in 


which the alternating portions of muscle are separated visibly. Its real 


interest lies in the fact that at any time, if the rather rapid rhythmic 
series of stimuli is interrupted, a stimulus applied to the region A or to 
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B causes response all over the muscle. Their apparent independence 
during the course of alternation is essentially due to a special condition 
of the muscle which characterises its — e at a rather 
level of activity. 


Reciprocating 


I shall now describe a type of rhythm which I have observed 


occasionally in the course of experiments where two chambers of the 
heart were used and where rhythmic stimulation at a fairly high pace 


had been applied. The phenomenon to which I refer may be called 


reciprocating rhythm. I have seen it in three experiments on the 
- auricle-ventricle preparation of the heart of the electric ray, and in one 
experiment on the ventricle-bulbus preparation from the frog’. 
preparations were, before stimulation, either quiescent or giving in- 
frequent spontaneous beats, 


21. From preparation shown in Fig. 20. the tame in bots 
pieces of tracing. See text. 


After the application of rhythmic stimuli at some lie: tate, 


the cessation of the stimuli was followed by a quick reciprocating 


movement of auricle and ventricle or of ventricle and bulbus. The 
appearance of the heart gave the impression that the beats of the 
ventricle were caused by those of the auricle or bulbus, while these in 
turn were caused by the ventricle. This was confirmed by observation 


of the effect of sending in a single shock, either to the auricle or to the 


ventricle. This, if timed properly, instantly arrested both chambers ; 
its effect was not due to stimulation of the intracardiac vagus since in 
one of the experiments the heart was atropinised (see Fig. 22). 

The rhythm of each chamber was directly dependent on that of the 
other. The rhythm was rapid and the interval between the auricle 


* In each experiment the condition was produced and abolished repeatedly. 
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and e contractions was apparently the same as that between 


the ventricle and auricle contractions. What explanation can be 
offered? Let us start with the auricular excitation. This is trans- 
mitted over the slowly conducting tissue to the ventricle. But 
immediately after, the excitation of the ventricle is transmitted back to 
the auricle. It is unlikely that the.actual tissue which transmitted the 


impulse from auricle to ventricle could immediately transmit another 


impulse in the reverse direction. Therefore in all probability the 


portion of the auriculo- ventricular connexion responsible for the 


transmission from ventricle to auricle was quiescent during the previous 
transmission from auricle to ventricle. The connexion between the 
auricle and ventricle is never a single muscular fibre but always a number 
of fibres, and although these are ordinarily in physiological continuity, 


22. The line induction shocks thrown in, See text. 


yet it is that as too 
stimulation, different parts of the bundle should lose their intimate 
connexion in precisely the way in which different parts of the 
ventricular muscle contract independently in the condition of pulsus 

A slight difference in the rate of recovery of two divisions of the 


A connexion might determine that an extra systole of the ventricle, 


provoked by a stimulus applied to the ventricle shortly after activity of 
the A-v connexion, should spread up to the auricle by that part of the 
A connexion having the quicker recovery process and not by the 
other part. In such a case, when the auricle became excited by this 
impulse, the other portion of the A- connexion would be ready to take up 
the transmission again back to the ventricle, Provided the transmission 
in each direction was slow, the chamber at either end would be ready 
to respond (its refractory phase being short) and thus the condition 
once established would tend to continue, unless upset by the interpolation 
of a premature systole. The experiments I have been able to = 
have given results in accord with this conclusion. a 
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To test the hypothesis, I devised another experiment, which I carried 


out on the heart of a tortoise. The heart was excised and 
the sinus venosus cut away. A longitudinal incision was 
then made extending through the anterior and posterior 
walls of the auricle and ventricle, so that the heart was 
converted into a ring, as shown in Fig. 23. The auricles 
were connected with the ventricle in two places, and 
across each of these junctions it was found that excitation 


could pass. The experiment was made at a temperature of 21°C. On 


stimulating any part of the heart there was, after a slight pause, con- 
traction in each of the other parts. After stimulating several times, the 
following condition appeared. The four portions of the heart marked 
VI, Ve, Ar, Ag, contracted in the order given, with distinct pauses between 
the successive portions, This cycle of events was repeated over and 
over again without any further external stimulation. When V, became 


excited the excitation spread to V, but not back to A, which was stil! 


refractory. From V, it spread to A,, from A, to A,, now recovered 
from its refractory state, and then again from A, to V,. While the 
cycle was being regularly repeated, the application of an external 
stimulus to either of the chambers, if out of phase with the cycle, 
stopped the contractions, showing that they were not originated by 
an automatic rhythm in any part of the preparation, but were due 
to a wave of excitation passing slowly round and round the ring of 
tissue. 

It seems then that the reciprocating wen may reasonably be 
regarded as due to a circulating excitation. i 

The circumstances under which the phenomenon made its appear- 
ance were such as to produce the favourable conditions of slow 
conduction and short refractory period. By its continuance the 
circulating rhythm would tend to maintain these conditions. The 
conditions are easily upset by the occurrence of an extra systole and 
they may be re-established by other extra systoles. I venture to 
suggest that a circulating excitation of this type may be responsible for 
some cases of paroxysmal tachycardia as observed clinically. 

The to-and-fro character of the movement in the cases of recipro- 
cating rhythm which I have described recalled in a curious way the 


appearances sometimes seen in fibrillation of the mammalian heart, 


with the difference that in fibrillation, different portions of the muscle 


in a single chamber, instead of separate chambers of the heart, 4 
to exhibit reciprocating — 
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Fibrillation. 


The data provided by the experiments 8 in this paper 
suggest an explanation of the important and interesting condition of 
delirium cordis or fibrillar contractions. As is very well known, this 
condition is brought on in the mammalian heart with great ease by the 
stimulation of the surface of the heart with strong faradic currents. 
The stimuli must be applied usually for some seconds before the 
condition develops; it then continues, often for a long while, after the 


_ stimuli cease. Now the effect of a faradic current onthesnyscle will! 


be like that of a series of induction shocks at gradually decreasing 
intervals, beginning with an interval just greater than the refractory 
phase of the chamber as measured for the first beat of the series 


considered. Each cycle becomes a little shorter than its predecessor, 


and hence the duration of the electric response and the refractory — 
phase becomes shorter, while the rate of transmission of the excited 


state gets slower. The effects of such alteration on the condition of 


affairs in the heart muscle will be profoundly important. The wave of 
excitation in cardiac muscle is normally very rapid in propagation but 
also very long in duration. On increasing the frequency of excitation, 
the wave becomes both slower and shorter. Under these circumstances 
it becomes possible for the whole wave to be present at one time on the 
muscle column. 

The results described are capable of simpler expression in the 


following way. The effect of increased activity of the heart muscle is 


to decrease the rate of propagation and to decrease the length of 
the wave of excitation. Ordinarily, in the naturally beating heart, the ; 
wave of excitation is so long and so rapid that it spreads all over the 
ventricle long before it has ceased in any one part. Under the altered 
conditions of increased frequency it is possible that this should be 
no longer the case, and thus that, the wave being slow and short, more 
than one could exist at one time in a single chamber. 

No fact is better established concerning the histological structure of 
cardiac muscle than that there exist numerous connexions between 
the various portions or columns of cells. There exist therefore closed 
circuits in the myocardium. Supposing an excitation to be started in 
such a closed circuit and supposing that for some reason it travels in 
one direction but not in the other. If the rate of propagation is rapid 
as compared with the duration of the wave, the whole circuit will be in 
the excited state at the same time, and the excitation will die out. 
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This is represented diagrammatically in Fig. 24a. But if, on the other 


hand, the wave is slower and shorter (and it is made slower and shorter by 
the conditions which produce fibrillation) the excited state will have 
passed off at the region where the excitation started before the wave of 
excitation reaches this point on the circle at the completion of its 
revolution. Not only so, but there will have been time for the excita- 


bility of the muscle to return to something near the value it had at the 


time of the first excitation. Under these circumstances, the wave of 
excitation may spread a second time over the sanie tract of tissue; 
once started in this way it will continue unless interfered with by some 
external stimulus arriving during that part of the cycle when the 
portion of the muscle stimulated is neither in the excited state nor in 
the condition of depressed excitability which outlasts it (Fig. 246). 
The condition of depressed excitability which persists after the absolute 
refractory phase has passed (relative refractory phase) is represented in in 
the diagram by dots. 


‘The 1 rhythm here described! is precisely comparable to 
the state of affairs produced in rings cut from the bells of Medusae i in 
a expertments ‘of A. G. Mayer. | 


The peculiar character of the heart movements during fibrillation 
has been adduced by Kronecker and by L. Fredericq (1906) as one 
of the strongest pieces of evidence that the propagation of excitation 
in the auricles and ventricles in ordinary co-ordinated contractions is 
by nervous paths. The argument is charmingly simple. It may be 
stated thus. The propagation of contraction during fibrillation is so 
slow that it can be followed by the naked eye. It is therefore due to 


. — The propagation of contraction when the heart 
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is beating in a normal fashion is very much faster and presents a 
different appearance. It is therefore not muscular, except in the 
bundle of His, but nervous. 


Evidently this argument might be started at either 4 It merely 


insists on the difference in rate of propagation of the excited state in 


fibrillation and in ordinary contraction and assumes that the difference 
is explicable only by conduction through different sorts of tissue in the 
two cases. But, as I have shown, with increase in the frequency of 
excitation of the heart muscle the rate of propagation of ex- 


citation falls off along a smooth curve. And whether the rapid 


succession of excitations is maintained by artificial stimuli or automatic- 
ally as in fibrillation, the rate of conduction in heart muscle which is so 
often excited becomes extremely slow. If this slow conduction were 
due to a different tissue from the quick conduction the curves relating 
rate of conduction to frequency of excitation must show a sudden break 
instead of a continuous relation. Accordingly the only possible conclu- 
sion is that the conduction in fibrillation is through the same 
tissue as in the normally beating heart. According to Kronecker 
and L. Fredericq the path i in fibrillation i is s certainly muscular. 


Relation duration of repose and ampli of 
mechanical response. 


It has been remarked before that there often appears a relation 
between the amplitude of the mechanical response of the ventricle and 
the duration of the electrical response. A longer electrical response is 
often accompanied by a greater mechanical response. This appears, for 


example, very clearly in many of the experiments published by Miss Dale 


and myself (1913). In many cases the parallelism is so striking that it 
is impossible to dismiss it as accidental. Yet such a parallelism is by 
no means invariable. And, as usual, it is precisely to the exceptions 
that we must look in seeking an interpretation of the phenomenon. 

The most important cases where there is divergence between changes 
in duration of the electric response and re of the mechanical 
response are as follows: 

(1) In the absence of calcium, the is 
out of gear, while the general metabolism of the muscle continues. As 
has been pointed out before (Mines, loc. cit.), the removal of calcium 
probably causes the dissociation of some calcium compound of which the 


actual contractile strands are built. Where the contractile mechanism 
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is thus directly upset it is unlikely that changes in the events antecedent 
to the shortening process can be reflected in the shortening process. 

(2) There is a limit set to the possible amount of shortening of the 
contractile mechanism. If the duration of the electrical response is 


increased when this limit has been reached, it is obvious that the relation 


we are considering cannot be manifested. This appears to be the case 


when Sr is substituted for Ca in the perfusion fluid (Mines, loc, cit.) 
The contractions being already as large as they ever can be, the 


substitution of Sr lengthens the electrical disturbance and also the 
mechanical response, but it cannot increase the height of the latter. 


(3) A most interesting exception occurs after a rather long pause, . 
when the Treppe is well marked in the mechanical responses. In 


such cases the first of the mechanical responses of the new series is 
smaller than its successors; but the first of the electrical responses is 
longer than those which follow. For example: 


Frog. Atropinised Stannius preparation. Btimulation of auricle. Induction shocks : 
at intervals of 2°18”, 

45” 1-22” 26 mm. 
46 1°22 26 

Three stimuli cut out. 
“88 1:30 
“44 (1°26 26°5 
44 1°26 27 


(4). Another interesting exception has been noted as a result of 


stimulation of the sympathetic. Miss Dale and I have shown that 
stimulation of the sympathetic, increasing the frequency of the beat, 


may produce at the same time shortening of the electrical response of 
the ventricle and increase in the amplitude of the beats. But, as we 
have shown, the reduction in duration of the electrical responses which 
results from increased frequency brought about by sympathetic stimula- 
tion is not nearly so great as the reduction which results from increase 
in the frequency apart from the sympathetic stimulation. For the 
direct effect of the sympathetic on the ventricle (that is to say the 
effect obtained after elimination of the effects due to change in 
frequency) is an increase in the duration of the electric response. 


On the general hypothesis of the nature of the processes involved in 


. muscular contraction which has been outlined in a previous paper (1913), 
the electrical response has been regarded as an immediate indication of 


the liberation of acid in the tissue. It is but a slight extension of the 
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hypothesis to suggest that the duration of the electric response bears 


a direct relation to the amount of acid liberated. If the contractile act 
depends, as has been supposed, upon the action of acid on some material 
which, like catgut, shortens upon the application of acid, then other things 
being equal, the liberation of a larger amount of acid will. determine 
a greater amount of shortening. But it is certain that the amount of 
shortening will not depend simply on the amount of acid liberated, but 
rather on the concentration of acid present around the contractile 
elements during or after the liberation of acid. If for example the acid 
is liberated into a medium already alkaline, the resultant acidity will be 
less than if the medium at the start were neutral. It is only when the 
hydrogen ion concentration is raised above a certain value that the 
effect on the contractile material will appear. If the general hydrogen 
ion concentration is much below this critical ‘value, even a large 
liberation of acid may cause less effect than will be produced by 
a smaller liberation of acid when the acidity is nearer the critical 
value’, Now after a prolonged pause, the hydrogen ion concentration is 


certainly lower than after a period of activity. Oxidative removal of 


lactic acid is a slow process (Fletcher and Hopkins, Hill), and during 
the pauses between successive contractions of the heart, the removal 
is certainly not complete. A longer pause will mean more complete 
removal. | 

In this way we can harmonise the results described in the previous 


sections of this paper. 


In the heart of the tortoise or frog at 15° C. and without perfusion 


the following relations hold. 


With increased length of pause, the duration of the electric response to 
excitation after the pause increases. With increased length of pause 


the amplitude of the mechanical response to excitation increases up to 


a certain point and then decreases. To put it in another way, the 
optimal rhythm for amplitude of mechanical response is a quicker 
rhythm than the optimal rhythm for duration of the electrical response. 
The former is slow, but the latter is so slow that we have never yet 
waited long enough to reach it! 

If we assume that the duration of the electrical response gives an 
indication of the amount of lactic acid liberated, the general nature of 
the explanation offered for the relations described may be presented by 
the diagrams in Figs. 25 and 26. In these diagrams the areas of the 

1 Clearly, ne but also the ‘ reaction: inertia ’ (Walpole) will be of 
importance. 
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ciroles represent the amount of lactic acid liberated in one contraction. 
The position of the centre’of the circle (on the vertical axis) represents 
the level of acidity in the region of the contractile elements just before 
the acid is liberated. The horizontal line indicates the level of acidity 
which must be reached before the contractile elements begin to shorten. 
The portion of the circle which is blackened represents therefore the 
portion of the liberated acid which is s effective in the production ‘of 

contraction. 

In Fig. 25 is shown the supposed effect of a short pause. After the 

pause, the liberation of acid is greater, and since the pause was short 


the general level of acidity has not fallen much. Ibs affective en- 


eentration of acid is therefore greater than that due to the preceding or 5 4 
the succeeding excitations. Fig. 26 represents the other case. Here a 
the events supposed to occur after a prolonged pause are repre- ; 

sented. The liberation of acid is greatest in the first response of \ 

this. series and in successive responses it diminishes. But the first, 7 

large, discharge is made at a low level of acidity, therefore but a small . 

fraction is available to cause contraction. The succeeding liberations, Tt 


though smaller, are more completely utilised in producing contraction, 
because of the remaining effect of the preceding excitations, ia 
contractions therefore exhibit the staircase effect. 
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Interpretation of the effects upon the electrogram of altered frequency. 
I shall conclude this paper with a brief discussion of the significance 


of the effects here described in the light of facts presented elsewhere 


concerning the influence of hydrogen ion concentration on various 


properties of the muscle. 


The Cy. in any region of the muscle depends on a very complex 
equilibrium, in which the following factors take part: 

(a) The periodic liberation of lactic acid in the ants which 
follows each successful stimulation. 

(6) The diffusion of the acid away from the points where it is 
produced. | 

(o) The oxidative of the 

(d) The Cn. of the fluid bathing the muscle. 

It is certain that increased activity of the muscle or 3 0. 

of the fluid bathing the muscle will both tend to shift the equilibrium 
so as to cause increase in the mean Cg- at any point in the muscle. It 
would appear that the mean Cy. of some region in the muscle has an 
important influence on the rate of propagation of the disturbance 
following stimulation of the muscle. Further, this region is much more 
accessible to the acid change fot — van to WN in the fluid 
bathing the muscle. 
Transmission in the a—V connewion.: I shown in a 
paper that an effect of a small increase in Cy. of the fluid perfusing the 
heart is an increase in the duration of the a—v interval. The a-v 
interval may be greatly lengthened in this way without slowing. the 
propagation throu gh the ventricle. 

Similarly, by increasing the activity of the heart muscle the 
propagation through the a-v connexion is slowed before any effect 
is produced on the propagation rate in the ventricle. There is a great 
difference in the rate of attainment of equilibrium in the two cases. 
Changing the frequency of excitation of the heart muscle, the new 
equilibrium value for the A-V interval is reached in the course of afew. 
beats, But on altering the Cg. of the perfusion fluid there may be 
progressive change for half an hour or more. 

Transmission in the ventricle, The rate of 8 of the 
excited state is slowed by increasing the frequency of the heart; the 
increase needed being greater than that required to slow cunduetion in 
the A-V connexion. . Although a small change in the Cy. of the perfusion 
fluid does not appreciably alter the rate of propagation in the ventricle 
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it has been shown by Burridge (1912) that treatment. of the heart 
with a strongly acid solution causes great slowing in the rate at which 
contraction appears to spread over the ventricle. The slow passage of the 
visible contraction certainly indicates here a slow propagation of the 
event which precedes contraction—the propagated disturbance. 
Heart block. It has been shown that the a-v connexion fails to 


transmit excitations if these are sent in too rapid succession. The 


condition of partial block is produced also very readily by perfusing the 
heart with acid solutions. 

Heart block can also be produced by a too rapid excitation. It 
appears that increased acidity of the conducting strands between auricle 
and ventricle produces a decrement in the transmission of the excited 
state at the same time as it produces slowing in the rate of propagation. 
It is at present uncertain how far the production of a decrement 
and the slowing are to be regarded as different aspects of the same 


That acidity can produce a decrement leading to complete block in 
heart muscle is readily shown on the slit auricle preparation from the 


tortoise heart as described by Gaskell. The application of an acid 


solution to the auricle “ bridge results after some minutes in the 
production of block ; the block is removed by washing with an alkaline 
solution. In the same way, making incisions in the muscle near the 
“bridge” often causes temporary block, which may well be due to the 
liberation of acid which Fletcher and Hopkins have shown to result 


from all forms of mechanical injury to muscle. The block i is removed : 


by washing—best with an alkaline solution. 


Duration of ventricular electrical response. 


It bes been shown that the duration of the excited state in the 
W (as determined by the ventricular electrogram) is reduced as 
the frequency of excitation is increased. The relation between this 
change and the changes produced by alteration in Cy. of the perfusion 
fluid of the heart is not at present clear. 

It is difficult to avoid the conclusion that there is some connexion 
between Cy. in some part of the muscle and the length of the electrical 
. disturbance, since it has been shown that alteration in the Cn. of the 
perfusion fluid can cause marked alteration in the duration of the 
electrogram. Yet although in some cases increased Cy. has led to 
decreased duration of the electrogram, in other more numerous instances, 
decrease in Cn has resulted in decreased duration of the electrogram. 
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The data are not extensive enough to enable any definite conclusion on 
this matter to be reached at present, but two e require 
consideration. 


In the first place, it may be that there exists an optimum Ou · at 


Which the electrogram is longest and that this optimum is so situated 


that the experiments on artificial modification of rhythm have always 
been on the acid side of it, while some of the perfusion experiments 
reached the “alkaline” side of the optimum. Another possibility is 


that the duration of the electrogram depends not, or not only, on the 


Cy: in some particular region, but on the difference of Cy. across some 
boundary separating two phases—just as the E.M.F. of a concentration 
cell depends on differences of concentration. In such a case the 
production of more acid on the “inner” side would result in the same 
sort of change as the application of a more alkaline solution outside. 

The question may, I hope, be solved by the combination of the 
types of experiment described in this and preceding — on — 


SUMMARY OF CHIEF CONCLUSIONS. 


The accuracy of the rhythm originating in the sinus venosus of 
various cold blooded hearts isolated from nerve influence is very high. 
With a cycle of 2” there may be variation of less than 1 % in series of 
20 beats or more. 

A new method of detecting small changes in rhythm is described, 
and the influence of minimal changes in temperature demonstrated. 

With increasing frequency of stimulation, each wave of excitation in 
the heart muscle is propagated more slowly but lasts a shorter time at 
any one point in the muscle. The wave of excitation becomes slower 
and shorter. Similarly the refractory phase (towards strong induction 
shocks) is shortened. 

It follows that by gradual acceleration of the rate of stimulation, the 
ventricle can be caused to beat at a higher rate than if the rate of 
stimulation is ‘abruptly raised. Thus with one and the same rate of 
stimulation there can exist two meta-stable equilibria, in one of which 
the responses are twice as frequent as in the other. Transition from 
one state to the other may be brought about by a suitably placed 
extra systole. 

Certain of these results bear directly on the question of the nature 
of pulsus alternans. They afford strong confirmation of Gaskell’s view 
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that this condition is dependent on local differences in the en 9 
the heart muscle. | 

If a closed circuit of muscle is provided, of considerably greater 
length than the wave of excitation, it is possible to start a wave in this 
circuit which will continue to propagate itself round and round the 
circuit for an indefinite number of times: The condition is readily 


upset by an extra systole. It is shown that these observations offer 
a siniple explanation’ of certain cases of reciprocating rhythm between 


two chambers of the heart. It is capable of further extension to explain 
the condition of ‘fibrillation, which arises under precisely those circum- 


stances which produce the conditions in heart muscle essential for the 


manifestation’ of circulating excitation, namely a slow and short wave of 
excitation. Once started; the high frequency of repetition a the 
excitations tends to maintain the condition. 

' Certain relations between the duration of the electric response i in 


heart muscle and the amplitude of the mechanical response are described , 


and a simple theoretical interpretation is developed. 

It is shown that certain of the changes in the eee 
which result from increased frequency of heart beat may be accounted 
for by change in the Cy. of some region of the muscle. 


The expenses of this research have been defrayed in part by grants from the Govern 
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ADDENDUM. | 

On qreulating excitations in the musculature of a single chamber. 
Since the above paper was sent to press I have made further 
observations on circulating rhythm, which may be briefly noted here. 
The experiments were carried out at the Plymouth Mariné Laboratory 
on ring preparations cut from the auricles of large rays. In such 
preparations à single stimulus applied to any point in the ring starts 
a wave in each direction. The waves meet on the opposite side of the 
ring and die out. But by the application of several stimuli in succes- 
sion it is sometimes possible to start a wave in one direction while the 
tissue on the other side of the point stimulated is still refractory. 
Such a wave runs round the ring sufficiently slowly for the refractory 
phase to have passed off in each part of the ring when the wave 


approaches it. Thus the wave circulates and may continue to do so for — 
fifty revolutions or more, Usually an interpolated extra stimulus stops 


the wave at once. The preparation may then remain quiescent or 
it may start beating with a slow spontaneous rhythm. -In the latter 
case the totally different characters of the the 
circulating are very striking. 


3p. 288 of my paper in vol. of the “the mal 
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WEDENSKY INHIBITION IN RELATION TO THE 
ALL-OR- NONE PRINCIPLE IN NERVE. By E. D. 
ADRIAN, 
College, Cambridge. 


(From the Physiological Laboratory, Cambridge.) 


Some years ago Gotch' put forward the view that the magnitude of 
the response in a single nerve fibre must be independent of the strength 
of the stimulus which evoked it. He based this hypothesis on the fact 


that the electric response of a nerve trunk excited by a submaximal — 


stimulus was indistinguishable from the response produced by a maximal 
stimulus applied to a smaller number of nerve fibres. This fact by itself 
is suggestive but hardly conclusive. However Gotch’s view has been 


supported by the results of more than one type of experiment. Thus 


Symes and Veley“ called atteution to the fact that a disturbance set 
in motion by a strong stimulus has no greater capacity for passing 
through an area of imperfect conduction than the disturbance set in 
motion by a weak stimulus. Recently Veszi*, Verworn‘and Lud holtz® 
have put forward the same argument and the present writer has shown 
that the size of the propagated disturbance in any section of a normal 
nerve fibre seems to depend only on the local conditions of that section 
and on nothing else. 

Only one serious objection has been brought against the all-or-none 
principle from an experimental standpoint. This objection is based on 
the phenomena described as Wedensky inhibition. Wedensky* 


found that at a certain stage in the fatigue or narcosis of a muscle nerve 


preparation, a series of strong or rapidly recurring stimuli may produce 


a small initial contraction only (Anfangszuckwng), whereas a series of 


1 This Journal, xxvmt. p. 892. 1902. 
2 Proc. Roy. Soc. B, XXIII. p. 431. 1910. 
3 Ztsch. f. allgm. Physiol. xm. p. 321. 1912. 
4 Ibid, xv. p. 277. 1912. 
5 Arch. F. d. ges. Physiol. xxxvu. p. 69. 1885. 
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. WEDENSKY INHIBITION. 388 
weak or slowly recurring stimuli produce a continued tetanus. At 


present we are concerned only with the results of an alteration in the 


strength of the stimuli when their frequency remains unchanged. Since 
a series of very strong stimuli have an effect on the preparation entirely 
different to that given by a series of weak stimuli the alteration in the 
strength of the stimuli must have produced some alteration in the 
propagated disturbances set up in the nerve. How then can it be 
maintained that the size of the disturbance is unaffected by the 
strength of the stimulus? Both Max Cremer’ and F. Hofmann? 
have used this argument in favour of the view that the size of the 
propagated disturbance depends on the strength of the stimulus. 

On the other hand Keith Lucas* has proposed an explanation of 
the Wedensky effect which is based on the assumption that the size of 
the propagated disturbance is always independent of the strength of the 


stimulus. He set out with the observation that a second stimulus 


following a first very closely might set up a small disturbance which 


- would pass down the nerve but not into the muscle. Such a disturbance 


would leave a refractory period behind it, although it would be too small 
to pass the region of imperfect conductivity between nerve and muscle. 
This refractory period would cut down the size of the disturbance set up 
by a third stimulus falling very soon after the second and in this way 
a series of stimuli recurring rapidly enough would set up a train of small 
disturbances none of which would be large enough to affect the muscle. 
This accounts for the inhibition produced by increasing the frequency 


of the stimuli without altering their strength. The inhibition produced 


by increasing their strength is explained in much the same way. 
A weak stimulus, falling on tissue which is recovering from the passage 
of a propagated disturbance, will not have any effect at all unless it 
falls on nerve which has so far recovered that its excitability is not much 
less than normal. A disturbance set up at this time will be large 
enough to pass to the muscle, since it is set up when the recovery of 
the nerve is nearly complete. Thus a series of weak stimuli will set up 
a series of large disturbances, each of which is able to affect the muscle. 
The number of the stimuli per second may be many times greater than 
the number of disturbances set up, for many of the stimuli will fall on 


tissue of low excitability and these will have no effect at all. On the 


other hand, a strong stimulus will be able to set up a disturbance at 


1 Nagel’s Hdb. rv. u. m. p. 947. 
2 Arch. f. d. ges. Physiol. om. p. 328. 1904. 
8 This Journal, XII. p. 46. 1911. 
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a much earlier stage of recovery, when the excitability of the tissue is 


small. Thus a series of strong stimuli will set up a greater number of . 


disturbances than a series of weak stimuli. Consequently an increase 
in the strength of the stimuli will have exactly the same effect as an 
increase in the frequency; the disturbances will recur so rapidly that 
none of them will be large enough to pass to the muscle. 


In this explanation of the Wedensky effect it is assumed that the ; 


via of the disturbance is quite unaffected by the strength of the 


stimulus, The fact that an explanation has been based on this 


assumption shows that the mere existence of the Wedensky effect 
cannot be used as an argument against the all-or-none theory. However 
it cannot be said that the foregoing explanation has received a 
‘satisfactory proof. In his work on the Wedensky inhibition Lucas 
was concerned mainly with that type which is produced by increasing 
the frequency of the stimuli and he made very few experiments on the 
effect of increased strength. Thus his explanation of the latter type of 


inhibition rests on the unproved assumption that the all-or-none 


principle holds good not only for normal nerve but also for nerve which 
has not completely recovered from the refractory state. As a matter of 
fact Veszi! has recently published some experiments which lead him to 
the conclusion that the all-or-none principle does not hold good for 


incompletely recovered nerve. He considers that the size of the 


disturbance does depend on the strength of the stimulus if the nerve 


is fatigued, although it does not if the nerve is fresh, He points out 


that a series of stimuli producing the Wedensky inhibition must recur 
at such an interval that each stimulus falls on incompletely recovered 
tissue and in this case he considers that a series of strong stimuli will 


set up a series of large disturbances and a series of weak stimuli will 


set up a series of small disturbances. It is not clear why the small 


disturbances are able to affect the muscle if the large disturbances _ 


cannot do so, but there would certainly be some difference in the series 
of disturbances set up by the weak and the strong stimuli. However 
the experiments on which Veszi bases his theory are not entirely 
conclusive. He measured the electric response of a frog’s sciatic 
stimulated by a series of strong or weak stimuli; with the weak stimuli 
he found that the action current became smaller after the first few 
responses, but with the strong stimuli this falling off did not take place. 


It seems possible that some part of this effect might have been due to 


n. p. 880, 1912, See also Verworn, ibid, p. 288. 
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WEDENSKY INHIBITION. 987 


a local fall of excitability produced by repeated stimulation of the nerve 
in one place. This might reduce the size of the electric response by 
reducing the number of nerve fibres thrown into action: by the weak 
stimuli. At the same time there is little reason to doubt that the size 
of the électric response set up in a nerve trunk by a stimulus falling on 
partially refractory tissue does depend to some extent on the strength of 
the stimulus’. However we are concerned ultimately not with the 
response of the whole nerve but with the propagated disturbance in 
each nerve fibre. A variation in the size of the electric response of the 
whole nerve trunk may be due to a variation in the response of each 
fibre but it may be due just as well to a variation in the number of 
nerve fibres set in action by the stimulus. The nerve trunk of the 
sciatic contains fibres of many different functions and it is unlikely that 
all of these would recover at the same rate. Consequently a weak 
stimulus might give rise to a small electric response, because it would 
set up disturbances only in those fibres which had recovered their 
excitability rapidly. A stronger stimulus would be above the threshold 
value for some of the fibres which recovered more slowly and therefore 
it would set up propagated disturbances in more fibres and the electric 
response of the nerve trunk would be greater. For this reason 
measurements of the size of the electric response in the nerve trunk 
can give no definite information about.the relation between the size of 
the disturbance set up in an incompletely: recovered nerve fibre mn * | 
strength of the stimulus which setsit-up. 

Thus the precise ee of the Wodensky effect remains 
undecided. | 

The question is of some importance, for 3 the te of 
the effect does not disprove the all-or-none theory as applied to normal 
tissue, yet, if Veszi is correct, the all-or-none theory cannot be true’ for 
nerve under all conditions, since he holds that in fatigued nerve the size. 
of the propagated disturbance depends on the strength of the stimulus. 
If Lucas is correct the all-or-none relation holds good for fatigued and. 
fresh nerve alike. 

The present investigation deals with some experiments Wa with the 
object of defining more exactly the conditions under which the Wedensky 
effeot may be obtained with strong stimuli. These experiments are, 
described in the first two sections and the third 4. Weir ee 
on the all-or-none theory. 125 


1 This agrees with Samojloff’s experiments on th dete response of the heart 
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I. THE RECOVERY-CURVE OF AN EXCITED NERVE. 


e curve relating the strength of a second stimulus to the time 
at which it will produce muscular summation. 

In dealing with a question which is bound up intimately with the 
recovery processes of a muscle nerve preparation, it is necessary at the 
outset to fix on some standard series of determinations which will give 
an outline of the course of recovery in a preparation under any given 
circumstances. For this purpose it is evident that a simple determina- 
tion of the refractory period is of little value. It is to be noted that 


the term refractory period applied to a muscle nerve preparation is 


ambiguous. It might mean (a) the period within which a second 
stimulus fails to set up a second disturbance in the nerve, or else 
(6) the period within which a second stimulus fails to produce a 
summated contraction. in the muscle. To avoid this ambiguity these 
two intervals will be spoken of in future as (a) the refractory period of 
the nerve and (6) the interval for muscular summation. However 
neither of these intervals can give any information as to the whole 
course of recovery, and besides this very little can be deduced from 
them unless they are measured with reference to some definite strength 
of stimulus. 


Now it is well known that as a 8 recovers from the 


refractory state, the period in which no second contraction can be 
elicited from the muscle is followed by one in which a strong stimulus 
gives a summated contraction and a weak stimulus (i. e. one not much 
stronger than the normal maximal stimulus) does not. As the effect of 
the previous disturbance passes off, the least strength of stimulus 
necessary to give a summated contraction becomes smaller and smaller; 
until eventually it coincides with the threshold stimulus for a fresh 
preparation. It is a simple matter to construct a curve showing the 
relation between the strength of the second stimulus necessary for 
a summated contraction and the time which must elapse between the 
first stimulus and the second. Such curves have been published by 
Fröhlich! and by Lucas and Adrian“ It is clear that this gradual 
increase in the susceptibility of the preparation to a second stimulus 
expresses some aspect of the recovery from the previous stimulation, 
although the particular recovery process to which the curve relates has 
not been decided. In the present case the determination of _— 


1 Ztsch. f. allgm. Physiol. tx. p. 86. 1909. 
2 This Journal, XIAv. p. 114. 1912. 


* 2 ¥ ¥ 
* 
7 
* 
aa 
— 
ta 
> 
* * 
Par 
. ves 
12 
15 
. 
44 
13 
iw CF 
4 
| 
< 
4 
me 4 
* 
| 
3 
75 
1 
an 
a 
* 
2 
f 
a 
2 
a 
* 
* 
* 
A 


WEDENSKY INHIBITION. | 389 


“curves for muscular summation” has proved to be of such importance 


that some time must be devoted to a discussion of their form and 


significance. 

The method of e was aden dell the same as that 
used by Lucas and Adrian. Two coreless induction coils were 
employed and their primary circuits were opened by a Lucas pendulum. 
The strength of the first stimulus was generally four times as great as 
that of the threshold stimulus. The second stimulus could be increased 
to forty or fifty times that of the threshold stimulus and its value for 


each coil distance was determined 285 means of we N curve of 
the coil. 


* 


* * 1 005 1 
Interval between Stimuli (Seconds) 
Fig. 1. 


In each experiment the strength of the normal threshold stimulus is 
taken as unity, so that a stimulus ten times as strong as the threshold 


_ stimulus is said to be of ten units strength. The determinations were 


made by setting the second coil at some definite position and then 
finding the least interval between the first and second stimulus neces- 
sary to give a summated contraction. In about half the experiments 
an isometric lever was used to record the contractions instead of an 
isotonic. The type of lever employed is quite immaterial, for a series 
of determinations in which the isometric contractions were recorded 
agreed in all respects with the results obtained from the same prepara- 
tion by the isotonic method. The approximate error in each determina- 


tion is indicated by the size of the rectangle through which the curve 
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passes. Fig. 1 aud Fig. 2 show typical curves for muscular summation 
determined for fresh gastrocnemius-sciatic preparations, Ordinates 
represent the strength of the second stimulus and abscisse the time 
from the first stimulus which must elapse before a summated contraction 
is obtained. The dotted horizontal line shows the strength of the 
threshold stimulus. In Fig. 1 (Exp. I), the curve shows no discontinuity 
and seems to approach a line parallel to the ordinate axis asymptotically. 


In this respect it agrees with the curves published by Fréhlich and 


by Lucas and Adrian. In Fig. 2, on the other hand, there is a sharp 
break in continuity when the second stimulus is 63 times as strong as 
the threshold. An increase in the strength of the second stimulus 
beyond this value does not produce any corresponding decrease in the 


* 


18 


Strength of Second Stimulus 


Interval between Stimuli (Seconds) 
Fig. 2. 
3 1 for muscular summation. Probably thie type 0 of curve is 


the more usual for fresh preparations. Which type is given seems to 


depend mainly upon the condition of the frogs, for at some periods 


every preparation gives a smooth curve and at others the curve is 


always discontinuous, In every case the strength of the first stimulus 
has no effect at all on the rate of recovery. 

The form of the curve in Fig, 2 seems to suggest that two distinct 
processes are at work, one of which determines the least interval for 
summation without reference to the strength of the stimulus, while the 
other determines the strength of the second stimulus necessary to have 
an effect at different intervals after the first. Asa matter of fact it is 
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of the second stimulus and the 
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not difficult to show that there are indeed two factors determining the 
form of the curve for muscular summation, for these factors are affected 
quite differently by various changes in the condition of the preparation. 


The compound nature of the curve can be shown most clearly by 


altering the temperature of the nerve first of all at some point between 
the electrodes and the muscle and then immediately under the electrodes. 


The aum in the the sea of stimulation 
| and the muscle. 


1tt is well that the refractory period is lengthened | 
per Boycott’ has shown that the lengthening may be produced by 
cooling a short length of nerve between the stimulating electrodes and 
the muscle, a procedure which will not affect the tissue immediately 
under the electrodes. Fig. 3 (Exp. 3) shows the effect. of such N 
on the curve for muscular 
summation. In this experiment 
the nerve rested on a glass 


could be circulated, the distance 3 
between the tube and the % 
electrodes being 18 mm. The | : 
dotted curve shows the relation N 
between the time of occurrence i 


2 


strength required for muscular 
summation when the whole pre- 
paration was at 16°C.; the full J aoe 
curve was determined when 555 O18 
water at 3° C. was passed 
through the temperature tube. 
The least interval for muscular summation rose from 0027 to 0068 sec. 
However at this interval a stimulus only 1°8 times as strong as the 
threshold gave a summated contraction just as it did before the cooling, 
and at any interval greater than 0068 sec. the least effective strength 
of the second stimulus coincides exactly with that determined before 
the cooling. Clearly the only effect of cooling the nerve between the 


electrodes and the muscle has been to increase the least interval for 


muscular summation. The strength of stimulus necessary to produce 


Journal, xxv p. 144. 1890. See sad Linens, ibid. 
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summation has not been changed. Precisely the same effect is produoed 
by narcotising the nerve between the electrodes and the muscle. The 
experiment has been repeated four times with cooled and eleven times 
with narcotised preparations. The correspondence between the lower 
parts of the recovery curve before and after cooling or narcosis was not 
always as good as in Fig. 3, although the agreement in Fig. 3 is by no 
means exceptional. However. in the three cases in which there was 
an appreciable difference between the lower parts of the curves, this 
difference remained after the nerve had been allowed to return to its 
original state. Thus there can be little doubt that in these experiments 
the preparation was not in a steady condition. | 


The effect on the curve of alterations at the seat of stimulation. 


Fig. 4 (Exp. 4) shows the converse of Exp, 3, made on another 
preparation. In this case the nerve could be cooled in the region of 
the electrodes while the rest of the preparation remained at the normal 


— 


— 


Gtiveigth of Second 


Interval between Stimuli (Seconds) 
Fig: 4. 


temperature. The dotted line shows the curve for muscular summation 
when the whole preparation was at 16˙5· C. and the full curve shows the 
result of cooling the nerve immediately under the electrodes to 5 C. 
It will be seen from the figure that the dotted curve becomes vertical 
like that in Fig. 2, when the interval between the stimuli is 002 sec. 
When the nerve is cooled under the electrodes the form of the curve is 
very much altered and it never becomes quite vertical. Thus Exps. 3 
and 4 show that the time and strength relations necessary for muscular 
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summation are affected by a change in the condition of the nerve under 
the electrodes but not by a change in some other part of the preparation. 
The latter affects the least interval for summation but not the strength 
of stimulus required to produce it. 

The same result is shown in Fig. 5. In this experiment (Exp. 5) 


the curve for muscular summation was determined first of all with the 


whole preparation at 7° C. (full line) and then with the seat of stimulation 
warmed to 21'2°C. and the rest of the preparation at 7 C. as before 
(dotted line). 

In this case the least interval for muscular summation is not affected 
by warming the nerve under the electroiles, but the strength of stimulus 
necessary for summation is very much reduced and the threshold line is 
— very much sooner than before. 


* * * * 7 * * * * * 7 * 


Interval between Stimuli (Seconds) ; 
Fig. 5. 
It is clear from these experiments that there are two perfectly 


distinct factors controlling the form of the curve for muscular summation. _ 


There is (a) a factor which limits the interval for summation to some 
fixed value irrespective of the strength of the second stimulus. This 
accounts for the vertical part of the curve. It depends on the state of 


the tissue through which the propagated disturbance must pass before 


reaching the muscle and not on the state of the tissue at the seat of 
stimulation. The other factor (b) determines the necessary strength of 
the second stimulus at any interval after the first and accounts for the 
gradual return of the curve to the threshold value. This depends only 
on the condition of the tissue at the seat of stimulation and not on the 
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394 . D. ADRIAN. 
condition of any other part of the preparation. In some cases (Fig. 1 and 
Fig. 4 (JI) the limiting value of the interval for muscular summation 


is never reached and the curve never becomes truly vertical. There is 
no reason to suppose that in these preparations the interval for summa- 


tion would decrease continuously as long as the second stimulus increased 


in strength. Presumably the limiting value determined by the factor 
(a) is so short that the local recovery process (b) is etill predominant 
even when the second stimulus is 40 times as strong as the threshold 
value. In other preparations the factor (a) may be predominant so 
that the curve descends vertically almost to the threshold line before 
the local recovery factor (b) eomes into play. This type of curve may 
be produced without fail by cooling a portion of the nerve peripheral to 
the seat of stimulation, but it is also to be obtained in preparations 
which have been fatigued by repeated indirect stimulation and in 
preparations in which the nerve has been narcotised between the 
muscle and the stimulating electrodes. | 
As the local factor in the curve depends only on the state of the 
nerve under the stimulating electrodes and on nothing else, it might be 
put down to the recovery of the tissue from some local after effect of 
the first stimulus. However this cannot be the case, for the gradual 
return of the curve is just as well marked when the first stimulus is sent 
in 20 mm. or more away from the point at which the second stimulus 
falls, and with this arrangement the form of the curve depends only on 


the conditions which obtain at the seat of the second stimulus, Thus 


the local factor in the curve must be concerned with the recovery of the 


tissue at the point at which the second stimulus takes effect, and as the 
first stimulus need not fall at the same point the recovery in question 


must be a recovery from the first propagated ee and not from 
the local effects of the first stimulus. 


Tha cures, relating. the mrengih of an taterpolated skmulue to 
5 the time at which it will inhibit muscular summation. 


The value of these determinations of the curve for 8 f 


summation becomes clearer when we consider the time and strength 
relations of stimuli which produce the Wedensky effect. It is well 
known that this effect is due to the fact that a stimulus falling on 
incompletely recovered nerve may set up a new refractory period in the 
nerve without affecting the muscle in any way. Clearly it should be 
possible to plot the relation between the time of occurrence and the 
strength of these stimuli just as we have plotted the same relation for 


* 

| 

i 

— 11 

‘oO 

14 

2 

¢ 

bs 

N 
88 

* 

4 

2 

1 
“WN 

a 

8 

oa 

24 

4 

9 f 

; 

* 

22 

a 
a 


WEDENSKY INHIBITION. 395 


stimuli which give a summated contraction. A comparison of the two 

curves from the same preparation can scarcely fail to be of interest. 
In determining the precise relations of stimuli which set up a 

refractory period in the nerve without setting up a summated contrac- 


tion, it is necessary to consider several possible sources of error and 


uncertainty. The method adopted by Lucas consisted in sending in 


three stimuli A, B and O timed so that O following A alone was just 


able to give a summated contraction. In this case if B left a refractory 
period, the three stimuli A, B and C together could not give a summated 
contraction, for the refractory period left by B would render C ineffective, 
All three stimuli were sent in through the same pair of electrodes, and 
with this arrangement it was found possible to adjust the time and 
strength of the three stimuli so that in every case A and C alone gave : 


a summated contraction and A, B and O together did not. Now it is 


clear that the stimulus B might render C ineffective in two distinct 
ways; it might set up a propagated disturbance which would leave 


a refractory period in the nerve without affecting the muscle, or else it 


might ‘set up some local after effect only and this might reduce the 
excitability of the nerve locally to such an extent that the third 
stimulus O following soon after B would be unable to excite. Gilde- 
meister* and Levinsohn®* have shown that a stimulus which is not 
strong enough to excite may leave behind it a period of depressed 
excitability, so that it seems quite possible that B might reduce the 


excitability of the nerve under the electrodes without setting up a 


propagated disturbance at all. This complicates matters considerably, 
for the inhibition produced by the second stimulus B might be due to 


the local after effect if B were weak and to the true refractory period if 


B were strong. However there can be no question of any local after 
effect of B, if the third stimulus C is sent in through electrodes which 
are some distance removed from the electrodes used for A and B. This 
arrangement was adopted in the experiments to be described. ; 

_ Phe precise strength of the third stimulus C is of some importance, 
particularly if the interval between B and O is longer than the absolute 
refractory period of the nerve. If O were set so that it would fall 
during the absolute refractory period left by the stimulus B its strength 
would not matter, for it could not possibly break through the 


1 This Journal, XIII. p. 67. 1911. 
2 Arch. J. d. ges. Physiol, 447. 1908 ; Phy Pestachr. t. 


L. Hermann, p. 53. 1908. 


3 Arch, J. d. ges. Physiol, cxxxm. p. 267. 1910. 
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refractory state and excite the nerve. However we can never be 
certain that C does fall within this interval, for it is quite possible that 
the length of the refractory period may vary with the state of recovery 
of the tissue in which the disturbance is set up; moreover the length 
of the absolute refractory period of the nerve cannot be determined 
except by the present method of three stimuli. However if C is made 
just strong enough to give a summated contraction when it follows 
A alone, there can be no doubt that it would be rendered ineffective 
by any refractory period set up by B. Whatever may be the length 
of the absolute refractory period set up by B it cannot fail to retard 
the course of recovery from the first stimulus to some extent and this 
would be quite enough to inhibit the action of C. With this arrange- 
ment the length of the interval between Band O need not be considered, 
provided that O falls within the relative refractory period set up by the 
first stimulus A and provided that it is only just strong enough to give 
a summated contraction when it follows A alone. 

In the following experiments the preparation was set up so y that 
the nerve rested on two pairs of electrodes separated by about 15 mm. 
The first and second stimuli A and B were sent in by way of the 
central pair, and the third stimulus O by the peripheral. The stimuli 
could be sent in at any given interval by breaking the primary cirenits 
olf three coils connected to a Lucas pendulum. The first step consisted 
in determining the recovery curve of the preparation as in Exps. 1-5, 
both stimuli being sent in by the central electrodes. After this the 
third stimulus O was so adjusted that O following A alone was just 
able to set up a summated contraction. B was set at a fixed interval 
after A slightly shorter than the least interval for muscular summation 
and its strength was adjusted until it was just able to inhibit the effect 
of C. The interval between A and B was altered and the strength of 
B readjusted. In this way it was possible to map out the complete 
strength and time relations of stimuli which would inhibit and to 
compare these with the strength and time relations of stimuli which 
would give a summated. contraction. 

It has been mentioned that fresh preparations give two Sian 
types of recovery curve; a smooth curve which never becomes absolutely 
vertical and a discontinuous curve made up of a vertical portion and 


1 The least interval at which a second electric response may be set up in the nerve 
does not necessarily give a measure of the refractory period iu those fibres which supply 
the gastrocnemius. 
than these, 
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a portion which descends gradually towards the base line. In every 


case in which a curve of the former type was obtained, it was found 
impossible to produce inhibition whatever the time of occurrence and 
strength of the second stimulus might be. This was never the case 
when the preparation gave a discontinuous curve for muscular summation. 
Fig. 6 shows the relation of stimuli which gave inhibition in a fresh 
preparation of this type (Exp. 6). The full line gives the curve for 
muscular summation and all stimuli falling to the right of this line gave 
a summated contraction. The dotted line shows the relation between 
the time of occurrence and strength of stimuli which inhibited the 


Interval between Stimuli (Seconds) 

Fig. 6. 
8 of a third stimulus without themselves producing any summated 
contraction. Thus any stimuli falling within the shaded area gave 
inhibition ; a stimulus falling to the left of the dotted curve had no 
effect at all and a stimulus falling to the right of the vertical line gave 
a summated contraction. 


continuity of the curve for with tc 
for muscular summation. 


Ib would appear from Fig. 6 (and Exp. 6 is typical of four other 
experiments) that the curve for inhibition is simply a continuation 
backwards of the lower half of the curve for muscular summation. 


This suggests that both parts of the combined curve are an expression 


of the same process. The gradual descent of the curve for muscular 


- summation has been connected with some local recovery factor which is 
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not influenced by changes occurring in other parts of the preparation. i 
Consequently the same process may determine the time and strength can 
conditions necessary for a second stimulus to produce inhibition. In 
this case the condition of the tissue at the seat of stimulation would of 

determine whether a second stimulus should have any effect on the i 
preparation or not and the nature of this effect (inhibition or a summated 3 
contraction) would depend on what has been called the factor (a) which 


4 5 
4 


limits the interval for muscular summation and accounts for the > 
4 
4 — 
* 
10 
4 


vertical 8 of the summation curve; if the sffcctive 8 fell 
to the right of this vertical line it would ‘prodnne a summated contrac- 
tion and if to the left it would set up a new refractory state and inhibit 
a third stimulus. This would account for the fact that it is impossible 
to produce inhibition in a preparation which gives a continuous curve 
for muscular summation. In such a preparation the limiting value of 
the interval for muscular summation is never reached and therefore any 
second stimulus which is effective must give rise to a summated 
contraction. The truth of this hypothesis may be tested by taking 
— 


* 
4 
2 K 
* 
+= 
5 
“4 
1 
7 
iy 
* 
. 
<3 
* 
7 
2 
* 
* 
E. 
E 
f 
5 


WEDENSKY INHIBITION. 


the ele for muscular summation by cooling or narcotising the nerve 


| peripherally, without affecting the local recovery process in any way. 
Fig. 7 is constructed from an experiment in which this was done 


(Exp. 7). The inset marked I shows the curve for muscular summation _ 
when the whole of the nerve was in Ringer 's fluid at 16˙3 C. and the 

dotted ‘curve shows the relations of stimuli which would inhibit. 
(cf. Fig. 6). The shaded area is extremely narrow as only very strong 


_ stimuli would give inhibition. The inset II shows the result of 


treating a short length of nerve between the electrodes and thé muscle 
with 5% alcohol in Ringer's fluid for 29 minutes. The interval for 


: summation is increased from 0031 sec. to 0053. sec., but the shaded 


area is very much larger and stimuli which were formerly just strong 
enough to give a summated contraction are now just strong enough 
to inhibit a third stimulus. The large figure gives the actual deter- 


minations; the white rectangles mark the time and strength relations 


of stimuli which produced a summated contraction before the treatment 
with alcohol, and the black rectangles show the altered relations of these 
stimuli after treatment. The crosses refer to the stimuli which were 
just able to inhibit a third stimulus when the nerve had been narcotised 
peripherally. It will be seen that the curve drawn through these 
crosses coincides almost exactly with the curve drawn through the 
white rectangles (the original curve for muscular summation). The 
same result was given by four more experiments in which the nerve 
was cooled, and by five in which it was narcotised between the electrodes 
and the muscle by nitrogen or by alcohol. In two of the cooling 
and one of the narcotic experiments. the agreement between the two 
curves was not so good, but it was evident that the tissue under 
the electrodes had been altered by the repeated stimulation for the 
lower portion of the curve for muscular summation, determined before 
cooling or narcosis did not coincide with that determined during the 
treatment or after the nerve had been allowed to regain its original 
state. In every case the curve showing the time and strength relations 
of inhibiting stimuli was perfectly continuous with that showing the 
relations for muscular summation no matter what might be the 8 e 
valus of the interval ſor muscular summation. 

If these two curves are really continuous with one 8 and 
expressions of one and the same recovery process, it must follow that 
a stimulus which occurs later than the least interval for muscular 
summation cannot possibly give inhibition, If it is strong enough to 
fall above the curve for e snmimation it must give a second 
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contraction, and if it is not strong enough it can have no effect at all. 


This point may be tested by setting the second stimulus so that it 


is just strong enough to give a summated contraction and then reducing 
its strength slightly and determining its effect on a third stimulus. 


The experiment was made on 18 preparations and in every case 


a stimulus which was just too weak to give a summated contraction did 
not prolong the refractory state of the nerve in the slightest degree. 
This result holds good under all conditions, for fresh and fatigued 


preparations as well as for those in which the nerve has been cooled or 
narcotised. Fig. 8 shows this graphically in the case of a preparation 


treated with nitrogen. The least interval for muscular summation was 


— 
Interval between Stimuli (Seconds) 
Fig. 8. 


originally 0025 sec. After 17 mm. of nerve between the electrodes 
and the muscle had been in pure nitrogen for 3 hrs. 37 min., the curve 
for muscular summation was determined. It is shown by the line 
passing through the black rectangles. The dotted curve shows the 
conditions necessary for the second stimulus to give inhibition. Stimuli 
falling at the points marked by the small circles had no effect at all. 
Thus it is possible to divide the diagram into three areas. A stimulus 
falling within the shaded area gives inhibition, a stimulus in the blank 
area to the right of this gives a summated contraction, and a stimulus 
in the dotted area below these has no effect. | 


It is clear then that the curve which gives the limiting conditions 


for inhibition is perfectly continuous with that which gives the limiting 
conditions for muscular summation. Thus the combined curve must be 
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an expression of the local recovery process which has been called the 
factor (6) and it will be spoken of, for the present at any rate, as the 
local recovery curve. It shows the time and strength relations necessary 
for a second stimulus to produce inhibition or a second contraction. If 
the effective stimulus falls earlier than the least interval for muscular 
summation it will set up a new refractory period in the nerve without 
affecting the muscle, if it falls later it will give a summated contraction. 


II. THE BEARING OF THE “RECOVERY CURVE” ON THE 
UNDERSTANDING OF WEDENSKY'S INHIBITION. 


We may now.consider how it comes about that a series of weak 
stimuli may give a continued contraction when a series of strong stimuli 
produce inhibition. This is shown in Fig. 9. which is the recovery curve 
of a preparation which had been kept in Ringer’s fluid for eight hours. 


Strength of Second Stimulus 


| Interval between Stimuli (Seconds) 

Fig. 9. | 

ia The diagram is of the type shown in Figs, 7 and 8 and no stimulus . 
i falling outside the shaded area can give inhibition. The points marked 

. i, 4 and a, represent three stimuli of strength 1°5 recurring every 004 

cf of a second. Of these three only 2, and a can be effective, for a, falls 


2 


at a time when it is too weak to produce inhibition. The interval 
between i and a, is greater than the least interval for muscular 
13 summation and therefore «, will give a summated contraction. In the 
3 same way a series of stimuli of the same strength and frequency would 
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give a continued tetanus; every other stimulus being too weak to have 
any effect on the tissue, The stimuli 21, 2 and 2, recur at the same 
interval but they are four times as strong as the threshold. Con- 
‘\ sequently z, is able to affect the nerve, and as it falls too early to give 
a summated contraction it will prolong the refractory period and 
inhibit 2, Thus the three stimuli will give a single twitch due to z, 
only and a series of strong stimuli will give a continued inhibition. 
Fig. 10 shows the record of the contractions given by these two groups 
of three stimuli. The first two and the last two contractions are single 
twitches due to one stimulus. The groups of four summated contractions 
were given by the stimuli 2,, u and an, and the groups of small con- 
tractions were obtained by increasing the strength of the three stimuli 
to four times the threshold strength.. None of these. contractions 
produced by the three strong stimuli are higher than the single 
maximal twitch. | 3 )) 
It is evident that this explanation of the inhibiting effect of a series 
3 of strong stimuli corresponds entirely with that given by Lucas. The 
strong stimuli can prolong the refractory period of the nerve at an early 


stage of recovery before a summated contraction can be produced. The 
weak stimuli are not effective until a more advanced stage has been 
reached and then it is too late for them to give inhibition. 

The fact that the local recovery curve is not affected by changes 
which take place in other parts of the nerve explains the ease with g 
which the Wedensky effect may be produced when the nerve has been f 
cooled or narcotised between the electrodes and the muscle. This 4 
prolongs the least interval for muscular summation without affecting 5 
the local recovery curve, with the result that a much wider range of | 
stimuli will satisfy the conditions necessury for inhibition. Thus in 
‘Fig. 7 I. when the preparation is fresh, the shaded area is very small and 
it would be a very difficult: matter to adjust the strength and time 
relations of a series of stimuli so as to set up a train of disturbances 
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each of which would leave .a refractory period in the nerve without 


affecting the muscle. In Fig. 7 II and in Fig. 8 the shaded. area is 
very much larger and the stimuli may vary within comparatively wide 


limits as regards frequency and strength without interfering with the 
condition that each effective stimulus shall fall at a time when it will 


= inhibition and not contraction. 

A discussion of the theoretical deductions to be drawn from these 
N must be left to the next section. 8 

In the foregoing experiments the third stimulus, used to test the 
inhibiting effect of the second, was sent into the nerve at a point where 


it would. not be influenced by any purely local after effects of the second 
_ stimulus, In the majority of cases in which the Wedensky inhibition 
has been recorded, all the stimuli have been sent in by the same pair 
of electrodes and therefore some part of the inhibition might have been 


due to a local fall of excitability confined to the region of the stimulating 
electrodes. Woolley’ made some experiments to test this point and 
found ‘that the inhibition was certainly not accounted for completely by 
the polarising effect of the current. However it would be surprising if 
a strong second stimulus had no effect at all on the excitability of the 
tissue on which it fell, and as a matter of fact a small local effect is to 
be observed in most preparations. This is shown by a comparison of the 
strength and time relations necessary for a second stimulus to inhibit 
a third sent in (a) by the same 2 of electrodes and (b) by another 
pair some distance away. 
As a rule a weaker second ee is 8 to produce inhibition 
in case (d) than in case (b); the interval between the first and second 


stimulus need not be so great, and a second stimulus may produce some 


inhibition although it falls so late that it would give a summated 
contraction if it were stronger. In other words a second stimulus 
which falls below and to the left of the local recovery curve may give 
some inhibition. The effect is not always easy to demonstrate unless 
the second stimulus is strong and the third stimulus weak.. The 
inhibition is never complete however short the interval between thé 
second and third stimulus may be. After a second stimulus which 
gives local inhibition only the third stimulus may need to be increased 
by some 10 or 20 %% if it is to remain effective, but a strong 
third ‘stimulus always gives a summated contraction. The actual 
increase necessary depends on the strength of the second stimulus, 
Thies is never the case with that type of inhibition which 9 ate 
es 1 This Journal, xxxvt: p. 182, 1907. 
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stimulus sent in at some other point on the nerve. This transmitted 
inhibition is always complete if the interval between the second and 
third stimuli is short enough, and if the interval is longer the amount 
by which the third stimulus must be increased to give summation is 
quite independent of the strength of the second stimulus. 

There is little reason tq doubt that this local inhibiting effect of 
an inadequate second stimulus falling on refractory tissue is due to 
precisely the same causes as the local inhibiting effect of a subminimal 
stimulus on normal tissue (Gildemeister’s phenomenon). The effect 
is more intense and lasts longer when the stimulus falls on tissue which 
has not completely recovered, but this is only to be expected in view of 
the fact that the. stimulus is many times stronger than a normal 
subminimal stimulus. In other respects the two phenomena agree 
completely. 

It is probable that the local effect does not play a large part in the 
Wedensky inhibition produced by a series of stimuli of equal strength 
at one point on the nerve, for as a rule it is only to be detected when 
the inhibiting stimulus is several times as strong as the inhibited. It 
may account for the fact that every fresh preparation can be used to 
show the Wedensky effect when all three stimuli are sent in by the 
same pair of electrodes, whereas a certain number of fresh preparations 
give a continuous recovery curve with which the transmitted inhibition 
is impossible. 3 

From the point of view of the present investigation the transmitted 
effect is much more important. The foregoing analysis of the conditions 
under which it takes place has a direct bearing on the nature of the 
propagated disturbance in nerve and in particular on the validity of 
the all-or-none principle. This 8 8 will be discussed in the following 

III. 


In the preceding section some importance was attached to the 
“local recovery curve of a preparation after the passage of a propagated 
disturbance. This curve shows the relation between the time of 
occurrence and the least strength necessary for a second stimulus to 
produce either a summated contraction in the muscle or a second 
refractory period in the nerve. The same curve applies to stimuli — 
giving inhibition and to stimuli giving muscular summation, the nature 
of the effect (inhibition or a second contraction) depending only on the 
time of occurrence of the second stimulus in relation to the least 
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interval for muscular summation. It has been shown that the curve is 


the expression of some purely local recovery process, since its form 


depends only on the state of the nerve at the point where the second 
stimulus falls. In view of this the simplest explanation would be to 


suppose that the curve represents the gradual return of n in 


the nerve at the seat of the second stimulus. 
This suggestion must be examined a little more closely. It is 


, generally understood that the excitation of a tissue implies the starting 


of a propagated disturbance, and therefore the statement that the local 
recovery curve is the curve of returning excitability implies that a 
stimulus which is too weak or too early to fall on this curve does 
not set up any propagated disturbance in the nerve. In order to prove 
this we must have some means of detecting the presence or absence of 


a propagated disturbance. The presence of an effect in the end-organ, 


in this case the contraction of the gastrocnemius, is certainly an 
indication that a disturbance has passed down the nerve, but the 
absence of a contraction cannot be taken as a proof that the nerve has 
not been excited. It is generally assumed that the electric response in 
the nerve is the invariable accompaniment of a propagated disturbance, 
but in the present case we are concerned only with those fibres which 
supply the gastrocnemius and it would be impossible to discover 
whether a small electric response in the nerve trunk was due to those 
fibres or to some others which recovered at a different rate. The only 
other measurable change associated with the propagated disturbance is 


the development of the refractory state in the nerve. It has been 


shown that a second stimulus which falls below the local recovery 
curve does not set up a refractory period in those fibres which supply 
the gastrocnemius, and therefore it seems reasonable to conclude that 
such a stimulus has failed to excite. It is of course conceivable that 
under certain circumstances a propagated disturbance might be un- 
accompanied by a refractory period, and it is as impossible to disprove 
this universally as it is impossible to prove that a disturbance is 
invariably accompanied by an electric response. However in every 
case investigated the refractory period seems to be an invariable 
consequence of the passage of a disturbance’, whatever the size of the 
disturbance and the state of the tissue through which it passes. The 


present experiments are no exception to this, for it has been shown that 
the same curve applies to stimuli setting up a second refractory period 


1 Bramwell and Lucas. This N XIII. p. 495. 1911. oe ibid. xa. 
pp. 70 et seq. 1911. 
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and to stimuli producing a second . contraction; and that therefore 
a stimulus which is too weak to set up a refractory period cannot 
be strong enough to affect the muscle and vice versa, Again the form 
of this curve depends on local conditions only. If it gave the time and 
strength relations necessary for a second stimulus to set up a disturbance 
large enough to affect the nerve ending or the muscle, its form could 
scarcely. remain unaffected by a change of conditions which would alter 
the size of the disturbance on its way down the nerve. Thus we may 
conclude that a second stimulus which is just strong enough to fall on 
the local recovery: curve is the weakest stimulus which will set up 
a propagated disturbance in those nerve en which supply me 
gastrocnemius. 


Having defined the needibions ‘under a stimulus is 
able to set up a second disturbance we may proceed to enquire whether 


the size of the disturbance does or does not vary with the strength 
of the stimulus. Veszi! measured the size of the electric response 
in incompletely recovered nerve and found that it did vary with 
the strength of the stimulus. However it has been pointed out in the 
introduction that such a method really gives no indication as to the 
size of the disturbance in each nerve fibre, because the electric response 
may vary with the number of fibres in action. A method which avoids 


this difficulty is that which assumes that the size of the disturbance is 


proportional to its capacity for passing a region of decrement without 
extinction. The application of this method has been discussed else- 
where* but it may be as well to point out that the assumption on which 
it is based is really. taken for granted whenever it is said that the 
disturbance becomes smaller and smaller as it passes through a region 
of decrement; actually its.capacity for transmission becomes less and 


less. The same assumption is made by Symes and Veley and by 
Veszi and Verworn* when they argue in favour of the all- or- none 


principle in fresh nerve from the fact that the disturbance set up by 
a strong stimulus. cannot pass through a region of narcosis. which 
extinguishes the disturbance set up by a weak stimulus, As the 
meaning of the phrase size or intensity of the disturbance is not self- 
evident, there is no reason why it should not be defined as proportional 
to the capacity: of the disturbance for passing through a region of 
imperfect conduction. This definition avoids the assumption e 
above and it will be made use of in the following discussion. 


his Journal, Iv. p. 898. 1912. 
* Loe. cit, 
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WEDENSKY INHIBITION. 407 
Now Lucas and Adrian’ have shown that, if the strength of the 


4 stimulus is constant, the size of the second disturbance (defined 


as above) varies with the interval between the two stimuli. If the 
all- or- none principle does not apply to disturbances set up in incom- 


pletely recovered tissue we should expect to find that the size of the 


second disturbance would depend also on the strength of the second 
stimulus. When a strip of nerve is narcotised between the stimulating 
electrodes and the muscle, the least interval for muscular summation is 
increased because all disturbances set up at an early stage of recovery 


are too small to pass the region of decrement without extinction. 


Consequently with this arrangement all disturbances which are below 
a certain size will be extinguished before they reach the muscle and 


therefore it will be possible to detect any difference in the size of the 


disturbance set up by weak or strong stimuli. 

In Exp. 8 (Fig. 8), 17 mm. of the nerve between the electrodes and 
the muscle was treated with nitrogen for 3 hrs. 37 minutes. This 
caused the interval for muscular summation to rise from 0025 sec. to 
0058 sec. Thus any disturbance set up sooner than 0058 sec. after the 
first must have been too small to pass the region of decrement without 


‘extinction. When the interval between the stimuli was 0058 sec., the 


‘weakest stimulus which would excite the nerve set up a disturbance 
large enough to reach the muscle. If the size of the disturbance 
depends on the strength of the stimulus as well as on the state of 


recovery, it should be possible to set up as large a disturbance by means 
of a stronger stimulus occurring slightly earlier than 0058 sec. In other 
_ words an increase in the strength of the second stimulus over and above 


the value required to excite should lead to a reduction in the interval 


for muscular summation. Evidently this is not the case. A stimulus 


40 times as strong as the threshold stimulus will not affect the muscle 
if it falls earlier than 0058 sec. and at this interval the weakest stimulus 
which will excite the nerve sets up a disturbance large enough to pass 
the region of decrement and produce a summated contraction. Conse- 
quently the size of the second disturbance must depend only on the 
interval between it and the first a not at all in the strength of the 
second stimulus. 
The same result was given in ‘sixteen experiments with 3 
alcohol vapour and alcohol in solution as narcotic. In none of these 
was there the slightest indication that the disturbance set up by a 
nes second stimulus was able to pass a region of decrement which 


ö This Journal, XIV. p. 100. 1912. 
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extinguished the disturbance set up at the same stage of recovery by a 
‘weak second stimulus. This result is true for all stages of narcosis. This 
point is important for it shows that the second disturbance is unaffected 
by the strength of the second stimulus whatever may be the state of 
recovery of the tissue in which it is set up. When the narcotic has 
nearly brought about the complete failure of conduction the second 
disturbance will be extinguished unless it is set up so late that it is 
nearly as large as the first disturbance. The fact that under these 
circumstances its size is not affected by the strength of the second 
stimulus rules out the possibility that there might be a lower limit 
to the size of the second disturbance and that above this limit there 
might be some variation. 

It would seem then that the size of the second disturbance must 
depend only on the state of recovery of the nerve and not at all on the 
strength of the second stimulus. However before this conclusion can 
be accepted there is one possible source of error to be excluded. It has 
been assumed that when the interval for muscular summation has been 
increased by the action of a narcotic, the capacity of the second 
disturbance to reach the muscle depends upon its size and upon nothing 
else. It is quite conceivable that the increase in the interval for 
summation is due not so much to the imperfect conduction of the 
disturbance through the area of decrement as to a slowing of the 
recovery process in this area. Such an effect might account for the 
_ extinction of all disturbances set up earlier than a certain interval after 
the first, without reference to their size. If this were the case the 
ability of the second disturbance to reach the muscle would depend 
only on its time of arrival in the affected area and not at all on its size, 
and the experiments described would tell us nothing about the size of 
the disturbance in relation to the strength of the stimulus. It is 
unlikely that this slowing of the recovery process by the narcotic plays 
an important part in the lengthening of the least interval for muscular 
_ Summation, for previous experiments with various narcotics’ have shown 
that the lengthening is due almost entirely to the decrement suffered 
by the disturbance in passing the narcotised area. Fortunately it is 
a simple matter to decide the point for every preparation upon which 
the above experiment is made. An increase in the interval for muscular 
summation due to the slowing of the recovery process will depend only 
on the duration of the narcosis and not on the length of narcotised 
tissue through which the disturbance must pass, An increase due to 


1 This Journal, xxv. p. 408. 1912. 
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the decrement suffered by the second disturbance will depend also on 
the length of the narcotised region, for the extent of the decrement 
depends upon this. When the two disturbances started from the 


central pair of electrodes outside the narootising chamber they had to 


pass 17 mm. of affected nerve. Another pair of electrodes were in 
contact with the nerve inside the chamber and the disturbances starting 
from these had to pass only 6 mm. of narcotised tissue. In Exp. 8, the 
interval for muscular summation was originally ‘0025 sec. at both pairs 
of electrodes. After the nerve had been in nitrogen for 3 hrs. 37 mins. 
the interval for muscular summation rose to 0058 sec. when measured 
by the central pair of electrodes, but it was not more than 0032 sec. 
when the electrodes inside the chamber were used. Thus the slowing 


of the recovery process will not account for a rise in the interval for 


muscular summation to more than 0032 sec. and the rest of the increase 
must be due to the decrement suffered by the disturbances in their 
passage down the nerve. So when the interval between the first and 
second disturbance is greater than ‘0032 sec. the ability of the second 
disturbance to produce a summated contraction must depend entirely 
on its size. The same test was made in all but three of the sixteen 
experiments. In those three a 5°/, solution of alcohol in Ringer’s fluid 
was used as a narcotic and with this it was impossible to stimulate 
satisfactorily inside the narcotising chamber. In all the other experi- 
ments the increase in the interval for muscular summation measured by 
stimuli inside the chamber was never more than 4 times the rise 
measured by the central electrodes. Thus in every case the capacity of 
the second disturbance to affect the muscle must have depended on its 
size and not on its time of arrival and therefore in every case the size of 
the second disturbance was unaffected by the strength of the stimulus 
which set it up. In other words the all-or-none principle does hold good 
for disturbances set up in incompletely recovered tissue just as it holds 
for normal tissue. Tr 

This conclusion is perhaps not unexpected, but up to the present it 
has been difficult to accept it unreservedly on account of the fact that 
within limits the length of the interval for muscular summation is 
certainly reduced by increasing the strength of the second stimulus. 
This might well have been due to an increase in the size of the second 


disturbance. As a matter of fact the analysis of the recovery curve in 


the first section of this paper shows that the reduction in the interval 
for muscular summation depends on the fact that a strong second 
stimulus can excite the nerve at an earlier stage of recovery than 
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a weak second: stimulus, that is to say that relation between the 
strength of ‘the second stimulus and the length of the interval for 
summation depends simply on the gradual return of excitability after 
the first disturbance. If once the second stimulus is strong enough to 
set up a propagated disturbance, no increase in its W will N 
the size of that disturbance. 

It should be pointed out that the locales argument deals only with. 
the relation between the size of the disturbance and the strength of the 


stimulus which sets it up. The fact. that this is an all- or- none relation 


does not show that the size of the disturbance in any section of a nerve 


fibre depends solely on the state of recovery of that section and that the 


conduction of a disturbance down the nerve is necessarily an all-or-none. 
process. The setting up of a disturbance by an external stimulus may 


involve entirely differeut processes to those concerned in the propagation 


of the disturbance from one section of the nerve fibre to the next. As 
a matter of fact evidence has been brought forward in an earlier paper’ 


in favour of the view that the size of the disturbance in any section of 
normal fibre is quite independent of the previous history of the 
disturbance. This follows from the observation that a disturbance | 


regains its full size on emerging into normal fibre after it has undergone. 
a decrement in a region of local narcosis. Thus in normal fibre at any 
rate the propagation of the.disturbance from one section of the fibre to 
another may be considered an all-or-none process. This has still to be. 
proved for incompletely recovered nerve although there is a certain 
amount of evidence (as yet unpublished) in favour of it. In the present. 
paper it has been shown that the size of the disturbance in incompletely 
recovered nerve does not depend on the strength of the stimulus. This 


observation certainly does not prove that the size of the disturbance 


depends only on the state of recovery of that section of the fibre in which 


it is measured. However it does remove a very serious objection to this 


view, namely the objection based on the statement that in incompletely 
recovered nerve the size of the disturbance — epee cal 
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91 When a stimulus falls on a nerve of a a „„ 
r which has not recovered completely from the effect of 
a previous disturbance, the effect which the stimulus will produce 
depends upon two factors. In the first place the nerve recovers its 


excitability slowly and the stimulus will have no effect at all unless it 
is strong enough to set up a propagated disturbance. The curve showing 


the relation between the time of occurrence of the stimulus and the 
strength required to exeite the nerve depends only on the condition of 
the tissue immediately under the stimulating electrodes. If the 
stimulus is strong enough to set up a disturbance, the nature of the 
effect produced depends upon another factor which limits the interval 
at which a second contraction may be set up in the muscle. If an 


effective second stimulus occurs too early to give a summated contraction, 


it will set up a new refractory period in the nerve. If it falls later than 
the least interval for muscular summation it will give a second con- 
traction and no alteration in its strength will cause it to set up a new 


refractory period in the nerve without affecting the muscle. The factor 


which limits the interval for muscular summation depends upon the 
condition of the tissue through which the propagated disturbance must 
pass, It is increased by cooling or narcotising the nerve between the 
electrodes and the muscle and by fatiguing the preparation by repeated 
stimulation, etc. 

2. The refractory period set up by a strong second stimulus which 
falls too early to give a summated contraction may inhibit a third 
stimulus following soon after the second. Wedensky’s observation 
that a series of strong stimuli may produce inhibition whilst a series of 
weak stimuli of the same frequency produces a continued tetanus is to 
be explained by the fact that strong stimulus can excite the nerve at an 
early stage of recovery before a summated contraction can be produced. 
The disturbance set up in the nerve will be followed by a refractory 
period which will cut down the size of a succeeding disturbance. Thus 
a series of strong stimuli will set up a series of small disturbances none 
of which will reach the muscle. A weak stimulus has no effect on the 
nerve until a more advanced stage of recovery has been reached and 
then the stimulus cannot avoid affecting the muscle as well as the nerve. 
Thus a series of weak stimuli cannot produce inhibition. 

This agrees in all respects with the explanation advanced by Lucas. 
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3. An entirely different phenomenon may account for the inhibiting 
effect of a second stimulus on a third stimulus which is sent in by the 
same pair of electrodes. A second stimulus which is not strong enough 
to excite the nerve may lower the excitability of the tissue immediately 
under the electrodes and this may render a weak third stimulus 
ineffective. The effect does not depend on the setting up of a true 


refractory period and it is not transmitted down the nerve. Probably 


it has little to do with the normal type of Wedensky inhibition. 

4. The size of the propagated disturbance set up in incompletely 
recovered tissue does not depend on the strength of the stimulus but 
only on the state of recovery of the tissue in which it is set up. Thus 
the all- or- none relation between disturbance and stimulus holds good 
tissue. 
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THE PART PLAYED BY THE LUNGS: IN THE 


OXIDATIVE PROCESSES OF THE BODY. 
0 LOVATT EVANS, DSc, E. H. 


Cen the of Physiology University Collage) 


a series of papers in the de Pigetolopie: 
et Pathologique; Bohr and Henriques; in 1897, put forward evidence 
which they believed indieated that the seat of the oxidations was not 
confined to the tissues, but that a variable amount of the combustive 
processes were carried out in the lungs; according to them, the lungs 
receive from the tissues some metabolic products. in an imperfectly 
oxidised condition, and the complete conversion of these bodies into the 
final end- products is only achieved in the lungs themselves, as these 
a are carried through them in the blood. : 

Bohr and Henriques based their view on the observation: that the 
pr of carbon dioxide carried away from the lungs by the expired 


air was much greater than the amount of that gas which was carried to 


the lungs by the venous blood . Similar relations applied to the oxygen 
absorptions, the discrepancy amounting to from 0 to 66 ½ of the total 
amount. Of somewhat less importance, but yielding similar indications, 
were the facts that the respiratory quotients as determined in the air 
and blood simultaneously were different , and further that om occlusion 
of the aorta at the arch, so that the greater part of the body was served 
by the circulation of blood through small collaterals, the total respiratory 
exchange was not depressed so much as would be expected on the 
assumption that the oxidative changes were exclusively confined to the 
tissues d. These results have been criticised by Zun tz and Hagemann o 
and by Loewy and Zuntz@, who doubt: whether the blood-samples 
collected really were representative ones. Some of the experiments. of 
Bohr and Henriques have been repeated by Rulot and Cuvelierm: 
quite recently Puetter@ has attempted to prove from experiments on 
man that much of the oxidative processes may occur in the lungs: these 
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experiments have been criticised by Zuntz@, These discussions tum 


chiefly on whether, in exercise, the heart is capable of supplying enough 
blood to allow of the transport to the tissues of an amount of oxygen 
equal to that actually absorbed from the lungs. The experiments of 
Bornsteinas) on man and of Knowlton and Starlingan on animals 
indicate that the systolic output can be much increased with a rise of 


venous pressure, and Krogh and Lindhardas, by the nitrous oxide 


modification of Bornstein’s method, arrive at the same conclusion. 


Bohras and Yandell Henderson and Barringeras, are of the 


opinion that the output. depends. chiefly on the rate of the heart, and 
that the output per unit of time is not sufficiently increased during 
exercise to enable the tissues to obtain the required amount of oxygen. 

Against the theory of Bohr and Henriques, little direct experi- 
mental criticism has been directed. It has indeed been said by Loewy 
(Oppenheimer s Hdb. Biochem. Iv. (Ist), p. 96) that such is at present not 
possible. In the first rank is the work of Morawitzas on the presence 
of reducing substances in the blood. He concludes that even in extreme 


asphyxia, such oxidations as otcur are completed in the tissues them- 


selves; he is unable to confirm the presence of substances which can be 
oxidised by contact with air, or by contact with living cells and ‘sir 
together, 


In the experiments to be ed here, we 1 studied the | 


phenomena of oxidation by means of the heart-lung preparation made 
according to Starling’s method«), and also by the use of the isolated 
lung preparation. The methods employed in the determination of the 
gaseous ‘exchange are similar to those used by Evans in a previous 
communication on the metabolism of the heart and lungsan. In the 
course of the description of the experiments, we shall introduce some 
criticisms of the methods used by Bohr and — J 


THE METABOLISM or THE LUNGS. 


ne pointed out by Bareroftae, Bohr and Henriques did not abe 
any allowance in their calculations for the metabolism of the lungs 
themselves, although, according to Bohr’s views regarding the secretory 
nature of pulmonary activity, it might be considerable’. 


The experiments of Evansun indicate that the metabolism of the | 


blood-perfused lung is not especially high, and that it amounts to about 


According to theoretical calculations by A. V. Hill 1918; 
Journal; ur) the amount need not be especially great. 
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100%. of oxygen for the lung tissue corresponding to 1 grm, of heart’, 
As, however, we wished to take the normal metabolism of the lungs as 
our starting point, we have somewhat modified the perfusion apparatus 


used by Evans, and have thus been enabled to make longer series of 


determinations and to use a much smaller volume of blood, thus eliminat- 


ing the chief source of error in the experiments. By this method we 


have also succeeded in diminishing the tendency to pulmonary edema 
which so often occurred with the earlier form of the apparatus’. ? 
Method. The apparatus employed is illustrated in Fig. 1. M is 
a reservoir for the defibrinated and hirudinised blood: this is drawn out 
along the tube WV and pumped into B, which is a bubble-trap, by means 
of the rubber syringe gp antrum syringe of about 50 c.c. capacity). 
The syringe is rhythmiklly compressed by means of an eccentric cam 


treadle worked by a small motor. We shall refer to this syringe as the 


“ artificial heart.” The tube H, with the screw-clip K, serves as a bye- 
pass, by means of which the flow along D may be controlled, The 
side-tube O leads to a manometer by which the pressure may be 
determined. The cannula E is introduced into the pulmonary artery, 
and the temperature of the ingoing blood is indicated by the thermo- 
meter 7; the temperature can be regulated by placing M in a water-bath 
at any required temperature. The large cannula F is tied firmly into 
the left auricle and thus the blood returns to the reservoir. We find 


that it is not necessary to exclude air from the blood in M, since the 


surface of the blood is practically stationary, and since, moreover, the 
tensions of the blood gases are not widely different from those in the air. 

The pressure in the pulmonary artery as recorded by the manometer 
connected with the side-tube C was from 15 to 25 mm. in 155 and 
was usually zero in diastole. 

With this apparatus, we have found that the metabolism was of 
about the same order as was found in the previous work. The following 
experiments are typical (cf. Table I, p. 416). 7 

The higher initial respiratory quotients are due to the fact that the 
blood is not in complete equilibrium with the air which is circulating in 


1 We find that it is of no value to weigh the lungs at the end of an experiment, since 
there is always more or less cedema after some hours. The weight of the heart is therefore 
the weight of the heart. | 

2 The superiority of the perfusion apparatus employed here over the one used in the 
previous experiments is also seen from the fact that we have in no case encountered the 
annoying cessation of flow of blood which was so often met with in the use of the former 
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TABLE I. Lung ‘metabolism in dog. 

1. Weight of heart—61 grams. ͤ 
Rate of artificial-heart—46 per min. 
1 hour before commencing. the determinations. 


1 250 49˙⁷ 4% 98 
4 200 4 45°3. 82 89 18 
Exe. 2. Heart 111-5 grams. 
18 96 ·0 88 
160 90°0 70°0 81 
_ Exe. 8, Heart 76 grams. 
51˙0 
_ Exe. 4. Heart 41°5 grams. Artificial heart - 108 
J70˙0 11% 14 108 
; 
Exe. 5. Heart 76 grams. 
69-0 „)) ᷑ VM 
6. Heart 51°5 grams. 
JJ... 
Exr. 7. Heart 65 grams. heart” 180 por min „„ 
64˙⁰ 580 82 
Mean of allexps. 1:00 0-94 


out of the This i is indicated by the fact: that oxygen main- 
tains a fairly steady value throughout the whole period, and it is for this 
reason that we attach more weight to the determination of the oxygen 
than to that of the carbon dioxide. The washing out of carbon dioxide 
is seen very clearly in cases where freshly defibrinated blood is added to 
the blood in the circuit of the apparatus, as in the following experiment: 
the determinations of the amounts of carbon dioxide in the blood show 
clearly that we are dealing with such an effect, and not to processes of 
scission of unstable organic compounds with the production of carbon 
* as was thought to be the case by Bohr and * 
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Exp. 8. Dog 462 kg. Heart 30-2 grams. 
“Time Temp % CO, in hood 
12.17 to 12.47 35-0 85-6 162 
12,58 to 1.28 34°5 909 256 100 0.6. fresh blood 
1.85 to 2.05 840 340 — added at 1 p.m, 

2.08 to 2.88 40˙8 150 
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‘Usually we have kept up the artificial respiration ſor about half e an 
hour . before ‘commencing the determinations; : this was in order to 
remove most of the CO, from the blood. In some cases; this was not 


done; the results of such an experiment are _— here, since — 
illustrate the same fact as experiment. 
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Exp. 9. Cat 2°55 kg. Heart 18-0 grams'. a 3 
Time Cher hour 00s in blood 
2.39 to 8.09 6 65˙4 
3.18 to 8.28 34:5 “4s 
8.80 (0 8.48 3840 16°4 — 
8.47 to 4.0 342 17˙6 
4.04 to 4. 19 34˙3 16°8 8 ˙7 


Consideration of these results indicates, therefore, that there was 
no appreciable error introduced into the experiments of. Bohr and 
Henriques by their having neglected the metabolism of the lungs. 


The distribution of the blood in the coronary vessels. 


There can be little doubt that the “factor of irrigation” which Bohr 


and Henriques used in calculating the flow of blood through the heart 
in their experiments was much too low; by the use of their factor the 
calculated flow was about 10 to 12 % of the amount passing along the 
aorta, and was deduced from the weight of the heart, which, however, is 
not given in their protocols. They allowed from 8 to 19 % of the weight 
of the heart as the volume of blood passing along the coronary arteries 
per minute. From recent experiments by Markwalder and Starling, 


we have learned that the amount is considerably more than this, and 


some of the experiments to be desoribed here will serve to illustrate this 
point. 
When we first started to study the coronary circulation in the heart- 


lung preparation, which we did by means of the cannula used by 


Morawitz and Zah nus for introduction into the coronary sinus, it soon 
became evident to us that this cannula did not drain off all the blood of 
the coronary circulation; in other words, the veins which do not open 
into the coronary sinus carry a good deal of blood into the right auricle. 
These veins are the posterior cardiac vein, the veins of Thebesius, and 
some small veins which open into the walls of the auricle, but which are 
not easily visible to the naked eye. It was therefore necessary to obtain 
some idea of the contribution of these veins to the total coronary flow, 
before we could draw any conclusions from experiments with the 
coronary cannula The following method was employed for this 


A heart-lung preparation was made from dog of about 12 kg in the 
usual manner: this preparation we may call the feeder (Fig. 2, J). 
Another smaller dog wes now. taken, snd anmethetioed, and the chest 

1 In the oat the lungs are usually not less than 150°, of the weight of the heart. The 
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opened: a cannula (A) was tied tightly in the aorta, directed towards 
the heart, as in the well-known perfusion method of Heymanns and 
Kochmannda. This cannula was then connected with a side-tube from 
the arterial tube of the feeder, so that blood from the feeder could 
be passed at normal arterial pressure through the coronary arteries — 
of the second or subject heart (S). After passing through the coronary 
vessels this blood flows from = ventricle, 80 that if we * 


a all the other vessels on the right side of the subject. heart, and introduce 
a cannula (P) into the pulmonary artery, the coronary blood will emerge 
; from this cannula and can be measured. The cannula was then intro- 
8 duced into the coronary sinus in the usual way, and the coronary flow 
observed; the blood which now issues from the pulmonary artery 


represents that which has passed by means of veins which do not ios 
into the coronary sinus: this baw been the remainder.” = = 
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40 dd L. RVANS AND K H STARLING. 
The details of some experiinents are given. TTT 
10. "Weight of subject Beart 189 grams. ‘Aerial of fooder 76 min. 


Temp. ‘Rate of beat Coronary 
„ 
1.9 8175. Venous aie in fwd at to output 
1.12 82-0 120 51˙0 100°5 96 72 
1.20 340 105 42°5 81°5 “74 58 
1.22 88°5 — 52˙5 41°0 93°5 “80 44 67 
1.25 35˙5 114 56°5 42°5 W 43 72 
1.80 862 — 48˙⁵ 82-0 75°5 78 42 65 
1.38 86-4 — 88°5 81-0 69° 80 4⁵ 50 
1.88 Coronary sinus cannula removed from sinus. | | 
1.39  986°7 — — — — — 44 
1.40 87-0 — 77-0 56 
— 84 


1.46 36°3 245 — — 117-0 — 


This experiment indicates that the coronary flow is liable to con- 
siderable variations, owing in all probability to the action of metabolites, 
But in spite of these variations, it is of interest to notice that the 
“remainder” blood forms always about the same fraction of the total flow 
of blood in the coronary vessels, In this case it is about 0°45, 1.6. as 
much as 0°45 of the total flow would not be collected by means of a 
cannula in the coronary sinus. When the cannula was taken away from 
the sinus, then the whole of the coronary blood flowed away from the 
cannula in the pulmonary artery. The effect of metabolites is well seen 
in the first period, the heart having been only just connected up with the 
feeder, and therefore recovering from temporary asphyxia. Adrenalin has 
the same effect in dilating the coronary vessels, The irrigation coefficient 
is seen to be equal to more than half the weight of the heart per minute, 
and in some cases it is equal to the weight of the heart; it is of necessity 
a variable factor, however, while the relation of the “remainder” blood 
to the total flow is remarkably constant, a fact which indicates that the 

“remainder” blood cannot be regarded as due to a ** 8 of 155 
around an imperfectly fitting coronary cannula, ES 

The next experiment was made in the same manner. 

_ The influence, of asphyxia on the coronary flow is 1 bt 
ing and agrees well with the results of Markwalder and Starling, 
In spite of the very great increase in the flow of blood in the. coronary, 
vessels, the value R/R +9 remains constant, showing. very conclusively. 
that we are. dealing with a true ‘accessory circulation. and not with 
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84-8 — 20-7 


36-0 23°56 


864. 3188 


10.0. adrenalin 1: 100 
218 84°5 
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33°3 
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85-4 


pee. 11. Blood-pressure of feeder 80 mm. He. 
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“ remainder ” blood pata aloo 04 of the. ane coronary flow. 

The high value of the irrigation. coefficient. is remarkable, especially 
in, n asphyxia: since Bohr and Henriques certainly. were dealing with. 
a condition in which there wag more or less asphyxia, it is evident that 
their coefficients were much too low: even under conditions. where the 
heart is supplied with very well arterialised blood, the coefficient i is quite 
high. The next experiment gives similar results, but the flow is smaller 
owing to.the fact that the perenne of, the. e is less, than i in the 
previous cases. 

mm, He, 
Time Temp, 5 Pes 
12.18 870 187 357 595 67 144 92 922 

In another case the total coronary flow was determined by merely 
3 the two hearts up in the usual manner, but fen intro- 
ducing the coronary sinus cannula. er 0 


N 
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13 
51 172 
mL 62 117 
140 
865. 162 845. 215 62 117 q 
36˙0 150 87-0 23 61˙8 66 127 4 
86-0 154 48-7 288 66 10 
| 166 149% 67 802 
| 86°7: 150 111˙0 66°5 17775 80 70 
8,29 Feeder beginning to fail. 05 4 
ide leak in th : : 
| a side in the coronary cannula, in which case the amount would ‘ 
a 
| 
‘ 
| 
a 
i 
132.00 33°0 77-0 
12.14 87°0 34-0 
12.16 37°0 82°0 4 
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We may assume, therefore, that the “remainder” blood forms abeut 
04 of the total coronary flow, and that in all probability the coefficient 
of irrigation is somewhere’ of the order of 50°/,; we would not lay too 
much stress.on the. latter. figure, hut would merely indicate that it is 
of this order and subject to considerable variations’ according to the 
amount of venosity of the blood with which it is supplied, and to a 
considerable extent. according also to the temperature of the blood. 
There can be no doubt, however, that the results can-be considered. to 
represent a closer approach to normal values than those determined, for 
example, by Bohr and Henriquesam, in which the hearts only beat for ; 
a few minutes (from one to four). 

The hearts in the present case beat well. for a amber of 3 
was the case also in the similar — ‘by Bareroft 


15 Tur EXCHANGES OF THE HEART. 


If we determine the gaseous exchanges of the heart-lung E 
by the air circulation as used by Evans (od. cit.), fairly e values 
are obtained when we calculate the gaseous exchange per gram of 
heart per hour. If now, the tissue of the heart is the seat of the 
_ oxidations we should obtain the same values by means of an analysis of 
the arterial and coronary blood, by Barcroft’s method, as was done by 
Barcroft and Dixon an. This we have attempted to do. Since the 
metabolism of the lungs is so constant for a given weight of heart, 
the external exchanges in the expired air can readily be corrected for 
the lung metabolism. As regards the blood-gas analyses, two methods 
have been used. We can perfuse the heart by Heymans and 
Kochmann’s method, and measure and analyse the coronary blood, in 
exactly the same way as was done by Barcroft and Dixon: or, we 
can draw off the coronary blood by means of the Morawitz cannula, 
and analyse it. In the latter case, we must allow for the “remainder” 
_ blood from the data already deduced, in order to ascertain the amount 
of the coronary flow. It might be objected that in doing this, we make 
the unwarranted assumption that the “remainder” blood has the same 
composition as the coronary sinus blood, but the results of differential 
blood-gas analyses by Barcroft’s method indicate that there i= not any 
very great difference. A compensatory advantage is that by this 
method the heart is filled and contracting under normal arterial 
pressure, in | the heart ventricles are 
empty. 
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In the two tables given below, the results of such experiments are 
given: the first table gives the “external respiration” of the hearts, 

3 1.6. the coefficients in c.c. of oxygen per gram of heart per hour, after 

N due correction for the lung metabolism. In the second table. we have 


5 the results of direct determinations by blood-gas: analyses, these we 
5 called the internal respiration” coefficients. 
a In the case where these have been determined by the 8 of 
5 blood drawn from the coronary sinus by meatis of the Mora witz cannula, 
5 the metabolism as deduced from the rate and composition of the sinus 
i blood has been multiplied by the factor 1°67 in order to allow for the 
. blcod not included in the flow from. the sinus, as mentioned i in the last 
| section (the factor is obtained from the ratio 0°6:1:1:1°67). 
The results obtained by this method are if anything lower than 
3 those found by the perfusion method in which the whole coronary blood 
5 was collected and analysed, which indicate that the factor of 1°67 is by 
no means, too high. : 
4 TABLE IL eternal respiration of dog's ler. 
: ofO, . a. Of Oy 
10 30 8 190° | ‘560 1 
55 645 4 388 36˙0 4°30. 
“876 4 4°30 860 2 8°03 
860 440 % 
36 1 400 57-0 
38-0 86-0 2 8°55 | 
Mean = 3015 Mean 2°85 | 
Wen may 8 take as the coefficient of external respiration of q 
the dog’s heart about 2˙9 0.0. of oxygen. The values in the above table : 7 
vary considerably according to the temperature and .to. the amount of q 
work which the hearts are performing. There is also perhaps some q 


relation between the weight of the heart and the activity of the 
430. VV 
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TABLE 


6% 24% 01 
‘igs 90-0 196 184 in coronary sina. 
16 86-0 868 088. 247% 
139 85°65 56°5 085 2°08 Total coronary blood collected by the 
perfusion method. (Heart empty.) 
49 870 076 610 ‘Total coronary blood collected by the 
5 _ perfusion method. (Heart empty.) 
„ -- 1400 After adrenalin. 


‘These — 9 1 are of the same ory as those obtained in the more 
extended observations on the -exte respiration of the heart. The 
mean value, exclusive of the periods in which adrenalin was given, 
is 2°43, which is sufficiently near to the value obtained in the last 
series of experiments, when we co sider that the total coronary flow 


participated in the ‘combustion processes, we should have en 
a larger margin. 

In order, however, to exclude the variations involved by these 
experiments in which different hearts are einployed, we have attempted 
to determine in the same heart at as nearly as Possible the same time, 
the oxygen usages by both methods. In carrying out these experi- 
ments, the heart-lung’ préparation was connected: up with the respiration 
apparatus in the’ usual way, and the cannula introduced into the 
boronary sinus ; the tübe leading from this cannula was connected 
to the si side-tabe leading’ from the venous reservoir’ to the right auricle, 
50 that the coronary sinus blood was led back into the right side of the 
heart, but so that samples of it could be taken at intervals for analysis 
(Fig. 3). The results of the two series were then compared. ‘The 
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metabolism as determined from the sinus blood was multiplied by 167 
as before, while the allowance for the metabolism of the langs was 
made, in the case of the external metabolism, in the usual way. In the 
following table the values are expressed as before, as the volume of 


oxygen in cubic centimetres 


are _ in the last two — 


“ eaternal” respiration of heart of dog. 
Exp. 14. e Blood suslyses by the differential method. 


of of heart 
Opby heart hour corrected 


C. c. 

Temp. per min, — — . 
86°3 83°6 060 200 210 | 2-07 1-16 
85°0 120°0 “014 169 278 174 1°76 

Exp. 15. Heart 95 grams. 
86°0 15°5 110 108 231 1°80 1-42 
86°0 26°7 062 99 128 5 1 1°35 

Exr. 16. Heart 80 grams. 2 
86-0 19°0 076 87 170 1-81 1°13 
86-0 27°3 039 64 170 1-34 . 1°13 

Exp. 17. Heart 41 grams. | 
36 ˙1 14°5 082 1s 168 291 3°10 
87-1 20˙0 029 850 179 1°44 8°80 
357 382 083 190 418 78 4 After 
86°0 065 153 417 6˙8 9°2 J adrenalin. 


The agreement between these figures by the two methods simul- 
taneously is sufficiently near to indicate that there is no considerable 


combustion of partly oxidised products in the lungs: thus the values 


174 and 1°76, 291 and 3°10 are practically identical; in some cases it 
is true that the external respiration is in excess of the internal, but the 
reverse is also true in other cases. In all probability, this discrepancy 
is to be explained by the fact that we only collect a sample of the 
coronary blood and measure its rate once or twice in each period, 
assuming that the flow and composition remain constant. during that, 
period; a glance at the figures will show that this cannot be. the case. 
In other cases, too, the differential analyses of the two samples of blood 
indicated but small differences between the arterial: and venous blood: 
in these cases the flow was. large, and therefore an error in the blood- 
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OF THE GASEOUS METABOLISM or THE HEART 
BY A DIFFERENTIAL METHOD. 


ee ‘ate also attempted to obtain some light on the 3 of 
e oxidations. by means of what may be called the differential 
method, or the method of the sum and difference. If we arrange 
a heart-lung preparation connected with the respiration apparatus in 
the usual way, we can insert a cannula into the coronary sinus (Fig. 3), 


‘ 


Fig. 3. 


The 
difference between the oxygen absorption: during this period, as 
compared with that during a normal period, should give us the 
metabolism of the heart, after due allowance for the “remainder” blood 
which has been entering the right auricle during the whole time. At 
the end of the period during which the coronary blood has been flowing 
away, the tube from the coronary cannula is attached once more to the 
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inlet from the venous reservoir, so that the sinus blood once more 
enters the right auricle: with these arrangements another “normal ” 
period is now taken for comparison with the first. 

During the next period, we add the coronary blood which was 
drawn off after having made an analysis of it by Barcroft’s method. We 
now have the normal metabolism of the heart and lungs plus the added 
coronary blood. If now, this blood contains “reducing substances 
which are capable of being oxidised in the lungs, the oxygen absorption 
due to the addition of this blood should be greater than that calculated 


from the volume and composition of the added coronary blood. 


In other words, if (a) represent the metabolism of the lungs, (b) that 
of that part of the heart drained by the coronary sinus, and (c) that 
of the “remainder” of the heart, then in a normal period we have 
(a+b+c); in the period in which the sinus blood is flowing away 
(a+c); and in the period in which the coronary blood is added to 
the circulation (a ＋ 25 ＋ o), assuming that the periods are all of equal 
length. (When this was not the case, the results have been reduced 
accordingly in order to give comparable figures.) In calculating the 


oxygen absorption by the “remainder” blood, the coronary sinus flow is 


multiplied by the factor 4/6 =°66 (roughly) in order to obtain the flow 
by veins other than those opening into the coronary sinus. From these 
results we can compare the values of (5) as found by the direct method 


(analysis of blood and measurement of flow) and the indirect method, 


i.. by the difference between the normal period and the (a+ c) | 


period (a+b o) - (a o) = b, and also from the difference between the 
(a +26 +c) and the normal period, or b=(a+2b+c)— —(a+b+c). 

For the sake of brevity, we shall refer to the period in which the 
whole heart-lung metabolism is taken from the air-circuit as the 
“normal period,” to that in which the coronary blood is flowing away as 
the (a+c) period, and to that in which the coronary blood is added 


during an otherwise normal period, as the (a +2b +c) period. 


These results indicate on the whole that the oxygen absorption 
which takes place in the lungs is not greater than that calculated from 
the oxygen deficiencies of the coronary blood. In one or two cases the 


lung absorptions. are greater, but in several cases the blood figures 


are the greater. In four cases the agreement is fairly good. 

The results therefore cannot be said to afford evidence that the 
lungs have participated in the oxidative processes to any appreciable 
extent. The discrepancies which have been observed may be accounted 
for by the complicated nature of the experiments, and especially by the 
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Remarks . 
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Normal k 


(ate) 10˙0 21°8 648 019 
(aT WIe) 11-0 - 
Normal 200 — — — 


120 242 1.671145. 
(829 87 148). 


19. nen 97 grams, ‘Temp. 86-0. 


Normal 20-0 BBS 222 55-8. 060 300 210 116 


Bar. 20. Heart 95 grams. Arterial proseure 80 mm. 


Normal 10-0 155 110 172 281 156 

Normal 100 — 
(a+2b+0) 100 17°6 445 res 07 
Normal 100 — — 


xx. 21. Heart 680 grams. ‘Arterial pressure 55 nm. 
(are) - 100 190 126 816 -076' 1% 117° 
Normal. 10 166 sss 
(a+2b+c) 100 — — 146 2 
(a e) 10˙0 181 JJ 
(a+ 1000 — — — 10 24 % 
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4 Tun OXYGENATION oF ‘VENOUS BLOOD IN THE LUNGS. 


There remains now to be considered what we consider to be the 
crucial experiment, since it is more free from objections than any ‘yet 
a described here. It will be seen from the figures given in Table I that 
* the metabolism of a particular isolated lung- preparation is remarkably 
constant from hour to hour. This being the case, one can add to such 
@ preparation some venous or asphyxial blood of known composition 
and observe how much more ‘oxygen is absorbed in the succeeding 
period. If there are in the blood substances which can be oxidised 
only by the lungs, then the oxygen absorptions by the lungs will be 
considerably greater than those which would be calculated from the 
oxygen percentages and oxygen capacities of the added asphyxial 
blood. 


These experiments were performed in the following way. An 
isolated lung-preparation was set up, connected with the. respiration 
apparatus, and the metabolism during one or two periods observed. 

A large dog was then anzsthetised and artificial respiration performed 
for some half-hour after having opened the thorax and divided the 
vagi. The animal was then asphyxiated until the right ventricle 
became very distended, and until there were signs of commencing heart 
failure (“heart-block”); there were usually strong spasms during the 
asphyxiation. When it was judged that the asphyxia had been carried 
785 as far as could safely be done without complete cessation of the 
5 circulation, blood was drawn from the right ventricle by means of 
a trochar, and was run into a few cubic centimetres of hirudin solution 
in a measuring cylinder. Usually 200 to 250 cc. of the asphyxial 
blood was collected in this manner. A portion of about 100 c.c. was 
immediately added to the blood in the lung-preparation apparatus, 
samples. having been taken previously for analysis. This blood is 
referred to as “blood A.” The specimen of blood A was generally 
added to the circulation within two or three minutes of being drawn, 
and the oxygen absorption of the lung observed during a period of 
usually half an hour's duration. This time was quite long enough: 
to allow the circulating blood to attain equilibrium with the ‘alveolar 
air in the lungs, in fact the blood usually regained its arterial colour 
within ten minutes. 
Meanwhile the second sample of asphyxial blood was well 5 up 
with air, or in some cases with oxygen, until it was saturated. This is 
PH. — 
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called“ blood B.“ After taking a “normal” period for the lung once 
more, and ensuring that the first sample of asphyxial blood had been 
oxygenated in the lungs, about 100 to 150c.c. of blood was withdrawn 
from the circulation, in order to keep the ‘volume of circulating blood 
within reasonable limits, and the sample of blood B, previously warmed, : 
was now added, and a further period of observation made. 

Bohr was of the opinion that the action of the lungs was a eine 
one, da that the lungs were able to effect oxidation of substances which 
could not be oxidised by simple exposure to air or oxygen, and this 
hypothesis can be tested by the addition of blood B, assuming that 
the results of the addition of blood A were in agreement with the view 
2. Bohr and Henriq ues. 


TABLE VL 
as Blood A. Boot BC 
22 16˙5 0%. . 078 00. 
19°0 21°0 00 — 
24 18° 00 18: 
26 21°1 00 0-0 
(20°1) . 


The details of the experiments are given below. 


Exr. 22. Lung-preparation (wt. of heart 41-5 grams. N 
minute. Rate of artificial heart 108 per minute. R Half. hour 
periods with the respiration apparatus. 
1st period. O, absorbed 28°8 c.c. 
aud period. Mean 282 
98 0. o. of blood A were now added. ! 

3rd period. O, absorbed 440.0. Increase 44-0 28-2=15°8 c. o. 
The blood added contained no oxygen ; . Therefore 93 0. o. 
ol it were capable of absorbing 16°5 c. c. 
ach period. O, absorbed 26-0 c.c. 
smearing Chowk 100 of Mond tom 
Sth period. O, absorbed 2650.0, 
6th period. absorbed 28 0 (normal period). 


5 Increase in O, absorption on adding blood A 15·8 cc. 
: Oxygen capacity of the blood added Ft 
Inorease in absorption on adding blood ... 0-5 „ : 
_ Oxygen capable of absorption by blood... 00 „ 
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"Exe, 28. Wit. of heart 26°5 grams. — 
108 per minute, Temp. 86°. 


Ist period. O, absorbed 81-5 b. 0. 
aud period. O, absorbed 52°5 c.0. A had 


21:0 cc. 


The blood added contained 0-73 % of O 
lo Mean 08%, 
"Oxygen capacity ot blood added 21-9 ½. 
Therefore 90 ¢.c. would absorb 19 ¢.¢: of O. 
Observed absorption of 0, =21°0 0. 0. 


24. Rate of artificial heart 180 por minute ‘Bato of pertasion 
220 b. o. per minute. Half. hour periods. 


1st period. O, absorbed 23°4 6.0. M 2 
2nd period. O, absorbed 


vnd period, O, absorbed 49°5 ¢.c. 110 ¢.c. of blood A added. 


O, capacity = %. Therefore can absorb 18°5 oc, 
Actual absorption 49°5 — 23:2 = 26-3 c. 0. 

4th period. O, absorbed 23-1 c.c.. 

Base O, absorbed 24°4 0. o. 95 a c. of blood B had been added. 


Eur. 25. Heart In grams, Artificial heart 150 por minute, Pertusion rate 174 0.0. 
per minute Temp. 36°. Half-hour periods. 


lat period. O, absorbed 26°5 b. o. 

2nd period. O, absorbed 24:5 c. o. Mean 25°5 c. o. 

100 0.6. of blood A now added. O, in blood =1°3 %. 

Oxygen capacity of blood 13-0 %. (The volume was 
greater than usual in this case.) ee 
11-7 0.0. of O, 

8rd period. O, absorbed 35:0 c.c. 


Hence increase in O, absorbed 9°5 c. c. 


Exp. 26. Arial heat 100 pr minute. Perfusion rate 300 0. o. 
per minute. 
lat period. O, absorbed 30-9 c.c. 
2nd period. O, absorbed 0. o. 
125 C. o. of blood A now added. 

O, capacity 18°35 %. 

0, per cent. 1°42 %,. 

125 c.c. can absorb c.c. 

l period. O, absorbed 50°8 0. o. Increase 19-4 6.0. 
4th period. O, absorbed 307 0.6. (50°8 307 20˙1 c.c.) 
110 ¢.c. of blood B now added. 
5th period. O, absorbed 26°8 0. o. (This small get wae owing to the fat that the 
temperature was accidentally lowered to 38—34° C.) 


This muy perhape be an error of reading, 
16°3 


28—2 


5 
i 
TATE i 
7 
1 
¢ 
| 
— 
era 
oe 
ae 
* 
hoe 
1 
= 
* 
75 
iat 
7 2 
is 
4 
‘@ 
+ 
4 
* 
ig 
| * 
a 
2 
f 
* 
i 4 
f 
* 
4 
> 
4 
~ 
5 
wig 
* — 


432 0. L. EVANS AND E EH. STARLING. 


In all these cases, with the possible exception of Exp: 24, the 
differences between the oxygen actually absorbed from the lungs, and 
the amount which was calculated on the assumption that the blood 
became saturated with oxygen in the lungs, are in all cases within the 
limits of experimental error. The case of Exp. 24 is an isolated one, 
and some doubt is felt as to the accuracy of the reading during the 
period following the addition of blood A. This doubt is strengthened 
by the fact that the amount of carbon dioxide which was evolved during 
the period (47 U cc.) was more in accordance with an O, absorption of 
39°5 d., since in all the other experiments the CO, evolved in similar 
periods was invariably much higher than the oxygen absorbed, Thus 
for the oxygen absorptions of 44°0, 52°5, 35°0, and 50°8c.c. there were 
respectively 61°0, 66.0, 57°0, and 67°5 c.c. of CO, evolved. If, therefore, 
we are to assume that the reading in Exp. 24 was correct, then we 
have the anomaly that in this case there is more oxygen absorbed than 
is required to oxygenate the blood completely, and yet at the same time 


there is less CO, produced than is the case in those experiments where 


no pulmonary oxidations were indicated. But even if we accept the 


reading of 495 Cc. as being correct and as indicating the occurrence 


of oxidative processes in the lung, the non-specific nature of the effect 


of the lung is seen in the fact that in the period where blood B was 


added, there was no increased absorption, except such as lay within the 
limits of experimental error. 

We are therefore bound to conclude, with 8 that in 
asphyxia there are not formed any substances which are capable of 
being oxidised in the lungs; these experiments go further than those 


of Morawitz, in that we have actually tested the supposed specific 


nature of the behaviour of the lung tissue, whereas Morawitz merely 
investigated the view held by Loewy at that time, namely that 
there were substances which could be oxidised by any living tissues 
provided that the requisite oxygen tensions prevailed in order to render 
the change possible. Our experiments not only support the work of 
Morawitz, but they show that we cannot even ascribe to the tissue of 


the lungs any such specific 888 in 585 — as was attributed to 
it by Bohr. 


AND CONCLUSIONS. 


1. The metabolism of the blood-perfused lung has been investigated 
by means of an improvement of the apparatus already described. It is 
found to be remarkably constant at constant temperature. Owing to the 
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fact that the lungs so readily become oedematous, the values cannot 


— 
| 
ts 


= be given directly per gram of lung, but by weighing the heart an 
approximate idea can be obtained. These values relative to the heart 

are 100 C0. of oxygen and 0˙94 c. c. of CO; per gram of heart per hour, 

as the mean of seven experiments. 

2. The distribution of the blood in the coronary vessels has been 

4 investigated. The coefficients of irrigation are much higher than 
* those on which Bohr and Henriques worked, and in all probability 
a may be taken fairly —s as about 60 9075 of the weight of the heart 


per minute. 

But the flow in the experiments of Bohr and Henriques was in 
all probability an ever increasing one, owing to the powerful dilating 
effect of metabolites on the coronary vessels. : 

3. By means of a simple modification of the perfusion method of 
Heymanns and Kochmann, the distribution of the coronary blood 
between the coronary sinus and the veins opening directly into the 
right auricle has been investigated. These experiments indicated that, 
if we call the flow in the whole coronary system unity, then the flow in 
the coronary sinus is 0°6 and that in the remaining vessels 0°4. If the 
rate of the coronary flow is altered in sei way this ratio of distribution 
still holds, 

It is therefore possible, by means of the coronary sinus cannula 
employed by Morawitz and Zahn, to obtain an idea of the whole 
coronary flow at any time. : 

: 4. The oxygen metabolism of the blood-perfused heart as estimated 
on by the oxygen absorption from the lung in the isolated heart-lung- 
ay preparation, after due correction for the metabolism of the lungs, agrees 
sufficiently well with the metabolism as found by analysis of the arterial 
and coronary blood to indicate that the lungs do not participate in the 
oxidative processes. 
: 5. The same result is obtained in the “differential ” experiments 
in which the coronary blood is run away from the heart-lung-preparation 
while a respiration experiment is being carried on, and after being 
measured and analysed, again added to the circulation. 

6. When asphyxial blood is added to the blood in the isolated lung- 
preparation, there is no evidence that any oxidative process occurred 
in it other than the absorption of the amount of oxygen required to 
(almost) fully saturate it. 

7. The results of these experiments therefore all point in the same 
direction, namely, that not only in _ normal tissues supplied with 


tke 
| 
82 
« 
wy 
“4 
| ha 
1 
| 
| 
| 
| . 
| 
| 
x 
‘ 1 
24 
E 
8 
* 
a! 
qa 
saa 
| 
| 
¥ 
* 
x 
+ 
~~ 
¥ 
5 
ay 
ow 
. 
‘ 


434 0, L. EVANS AND E. H. STARLING. 


the normal amount of oxygen, but even in conditions of. extreme 
oxygen lack, such oxidations as are carried out are completed i in the 
tissues. 

The lungs not exercise any or activity in 
completing oxidations partially carried through in the other tissues. 
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ABSOLUTE MECHANICAL EFFICIENCY OF 
| THE CONTRACTION OF AN ISOLATED MUSCLE. 
Br A. V. HILL, Fellow of Trinity College, Cambridge. 


CONTENTS. 
PAGE 
1, The effects of on the degree 
of heat-production in the muscle twitch . 436 
3 The mechanical potential energy developed in a muscle, 5 
sete when carrying out an isometric twitch . 447 
in absolute units 455 


4. The relation, in absolute ö 


Many attempts have been made to estimate, in absolute units,’ the 


_ heat-production of the stimulated isolated muscle. The bearings of the 


results of such an estimate upon our views, (a) as to the validity of 
the Conservation of Energy and of the Second Law of Thermodynamics, 
as applied to living things, (b) as to the magnitude of the energy 
exchanges per gram of muscle substance, (c) as to the “mechanical 
efficiency of the muscular machine, and (d) as to theories of muscular 
contraction, are so manifold that one cannot but regard an-exact and 
absolute measurement of the heat-production as a matter of fundamental 
interest, 
a early as 1864 Heidenhain! pointed oat the difficulties of the 
research, and in 1869 Fick? first attempted to overcome them. His 
earliest method was an indirect one and contained various assumptions. 
A muscle was caused to contract and lift a weight, under two different 
conditions: (a) the weight was allowed to fall back on to the muscle, 


1 Heidenhain. Warmeentwickelung und ‘Stoffumsats b. d. Leipzig, 


1864. 
Beitrag z. Lehre v. Kraft 


Experimenteller 
ebene Vienna, 1869, p. 1. 
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and to yield up its mechanical energy to the muscle as heat, the total 
heat-production giving a deflection D,; (6) the weight was held fast 
when it reached its highest point, and not allowed to fall back, the 


deflection being D,. Assuming that the total energy degraded was the 


same in either case, which as a matter of fact is true, then (D,—D,) 


represented the heat - value of the work done by the muscle. Di and P, 


were found experimentally, so that (D. - D.) was known: thus one 
might express galvanometer-deflection in absolute energy units by 
equating (D,—D,) to the work done by the muscle, and obtain 
moreover a direct estimate of the mechanical efficiency E from the 


equation E= (Di- D/ Di. The readings obtained by Fick were not 3 


very large, the possibility of errors described under the term “negative 
Wärmeschwankungen! was not eliminated or even considered, and the 
validity of the assumption that the mechanical conditions during 


relaxation have no effect on the heat-production was never tested. 


Thus, although the method avoided in an ingenious manner many of 
the difficulties which beset these observations, I doubt whether Fick’s 
estimates of the mechanical efficiency as lying between 034 and 0°54 are 
of more than historical interest. 

The next attempt at an exact estimate of the ben de ction and 
the mechanical efficiency of a muscle twitch was also made by Fick“, 
in an investigation which for its results, its subject matter and its 


excellence of technique, has ever since ranked as one of the most 
important in physiology. Since Fick's paper there has been no 


similar research on the heat- production of the isolated muscle’. 

In the course of the description of my own experiments I shall have 
a number of criticisms to offer of the methods used by Fick. The 
most important of these are briefly stated in the —— at the end of 
this paper. 

ox THE DEGREE OF HEAT-PRODUCTION IN THE MUSCLE TWITCH. — 


In order to discuss the question of the potential energy developed 
in an excited muscle, it is necessary in the first place to consider the 


evidence as to whether the heat-production in a twitch depends in any 
I Bee pp. 488, 440, 441, * Fick and Harteneck. Pftiiger’s Arch. xvt. p. 59. 1878. 


2 m 1880 Danilewsky (Fingers Arch. XI. p. 109. 1880) used Fick’s method for an 
investigation of the question whether the conservation of energy applied to active muscles: 
the values of the mechanical equivalent of heat which he obtained are close to those 


‘ 
‘ 
/ 
= 
vow 
“a 
— 
* 
‘ 
* 
| 
** 
* 
| 
* 
aN 
* 
* 


4 
1 
4 
Nes 
#33 
wiht 
iia 
“3 
* 
— 
73 
>. 
1 AY: 
— 
ae 
— 
am 


MECHANICAL EFFICIENCY OF MUSCLE. 487 


degree on whether the muscle be allowed to shorten, or not. This 
question was discussed in 1884 by Fick’ in a paper, the importance of 
which, as he emphasises, is in the theoretical considerations adduced, 
rather than in the actual experimental results. Does the muscle when 
stimulated to activity develop a certain amount of potential energy of 
tension, which energy may then be allowed to do work as we please, 
and does the heat- production depend in no way on this work, but only 
on the initial conditions of tension, length and stimulus? 
In order to test this point Fick carried out experiments in which 
(a) the muscle was excited to a twitch but not allowed to contract; 
thereby developing heat Hi, and (6) the muscle was allowed to develop 
its full tension in the twitch, and then to contract and do work?, the 
heat developed being H,. If Hi and H, are equal we may well conclude 
that work is done simply at the expense of potential energy elaborated 
in the muscle by means of the chemical reactions causing the rise of 
tension. If H, and H, are not equal we may conclude either (a) that 
the actual accomplishment of work or (b) that the actual undergoing 
of shortening—as opposed to the development of tension—has some 
influence on the muscle’s energy exchanges. Fick found experimentally 
that in seven experiments H, was on the average 10°/, greater than Hi, 
and this fact has been very widely discussed and commented on*. As 
a matter of fact, the experiments were individually very inconclusive, 
and the difficulties and failings of his method were so great, and the 
sensitivity was so small, that another series of experiments might well 
have given a contrary result. He himself admitted the failings of his 
method, and did not regard the experiments as conclusive: but 
assuming their validity he deduced that “in a simple twitch which 
takes its course at first isometrically there is not, in the primary stages, 
a provision of mechanical potential energy, which energy in the 
secondary stages can be transformed immediately into mechanical work 
without the use of further chemical processes: far rather is it the case 
that shortening, allowed to occur at the moment when maximum 
tension has been reached, releases new chemical processes, and 80 
increases the extent of the total heat-production.” 
The matter was investigated again by Schenck“, in much the same 
manner. Schenck performed far more experiments than did uaa 


1 Pick. Verhandl. d. Phys. med. Geselisch. u Warzburg, N. F. xvut. 138, 
_ § Seeeg. Burdon -an derson, Schifer's 1900. 
4 Phliiger’s Arch. tt. p. 509. 1892. 8 


vr 
At 
7 
— 
ie. 
* 
* 
x 
| 4 
| 
J 
= 
| 
* 
E. 
if 
— 
2 
. 
ony 
27 
4 
ye 
4 2 
** 
> 
4 * 


C 


and of a more varied kind: the protocols of his experiments show 


no clear difference either way between the values of Hi and H,. As 
@ matter of fact, as I shall show below, this is only what we should 
e et | 


_ cause of error must always have been present: the muscle, when released 
after developing its full tension, could never have come back into its 
original position on the thermopile. The muscle, in their experiments, 
was released after excitation by the automatic breaking of an electric 


gontact, so arranged as to take place at or about the moment when 


the maximum tension had been reached! So long as the current was 
passing a piece of iron was held down by an electromagnet, and to this 
the muscle was attached. It was therefore stretched originally by the 


pull exerted by the attachment to this lump of iron, as well as by the 


load: finally however it was stretched only by its load. Thus its final 
position must have been different from its initial position on the 


thermopile. As has been continually emphasised by Blix, Frank, 


Biirker and myself, such a ‘change of position of the muscle on the 
thermopile must lead to a deflection of the galvanometer: relatively to 
the minute rises of temperature investigated the muscle cannot be at 
a uniform temperature all over“. Thus a change of position is certain 
to bring cooler or hotter spots on the junctions. 


Another source of error, of unknown magnitude, must have affected ) 
their experiments, as I shall show below (Table I). When the muscle 


is stretched it possesses potential energy, as any stretched elastic body 
does: if it be now released suddenly, when loaded only a part, when 
unloaded none at all, of this energy can appear as mechanical work. 


The rest must appear in the muscle as heat, due to dissipation of the — 


elastic vibrations set up in the muscle owing to differences of tension 
along its length, these differences being consequent on its sudden re- 
leasing. In Fick’s experiments “mit Wurf,” the muscle was set free 
suddenly from its attachment to a hook on an electromagnet: the tension 
exerted by this attachment is unrecorded: if this tension was large the 
muscle when released, even though unstimulated, must have become 


They never perfotmed experinisats in which the interval: between excitation and 


releasing was varied, so they never discovered the fact described below, viz. that shorten- 


ing during the,development of tension causes a decrease in the heat-production. 

2 For (i) it will never settle down to a. temperature equilibrium, but only to a steady 
state of heat-flow along the muscle, thermopile and apparatus generally; and (ii) exposed 


Now in all these experiments of Fick, and of Schenck, one grave | 
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definitely hotter by virtue of the tension energy degraded in it: and if 
stimulated the observed heat - produetion must have been too large by 
an amount equivalent to this initial potential energy of tension. From 
my own observations it is fair to say that this degraded potential energy 
may be almost equal in amount to the heat liberated on stimulating the 
muscle: so that unless it be controlled and allowed for, its presence 
introduces a large and variable error into the observations. If Fick’s 
muscles were strongly stretched by attachment to the iron on the 
electromagnet, there can be no doubt that a considerable proportion 


(0 to 40% of the heat- production of his released muscles (“mit Wurf“) 


must have been due to the degradation of their initial tension energy : 
thus, the fact that they gave out rather more heat when released than 
when held fast (“isometrisch ”) is only what we should expect on ceed 
physical grounds. 
For these reasons Fick’s experiments seemed to me to give no 
certainty as to the actual facts of the case. 

I have therefore repeated the experiments, taking every i penile care 
to avoid the errors I have described. | 

The lower end of the muscle was attached by a silk thread passing 
through the floor of the muscle-chamber to a piece of iron held down 
to an electromagnet. The iron was attached to a powerful spring, 
raising it vertically and very rapidly when the current through the 
electromagnet was broken. By this means the muscle can be released 
without doing much, if any, work in helping to raise the mass of iron. 
A piece of string was attached to the iron, whereby it could immediately 
be pulled down again exactly to its original position after the contraction 
was over. In this manner one is enabled to avoid the first error described 
above in Fick’s and Schenck’s methods. In some cases the muscle 
was connected by another tight thread to an isotonic lever, so that 
mechanical work was done by the contracting muscle. The exact 
moment after excitation when the muscle was released was regulated by 
two arms on a uniformly rotating drum kindly lent to me by Dr Keith 
Lucas, These arms could be arranged to open two keys at any desired 
interval. The opening of the first key broke the primary circuit of 
the stimulating coil, and the muscle received a shock: the opening 
of the second key broke the electromagnet circuit. The interval of time 
between the shock and the releasing of the iron on the magnet could be 
adjusted to within 0°001 sec. The experiment was performed in the 
following manner. The muscle was placed in the chamber, iv or on 
the thermopile, and connected by the string attached to its lower end 
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to the electromagnet, in such a manner as to undergo an initial tension 
of from 10 to 40 grms. weight, Observations were now made of the 
heat-production in single twitches, allowed to take their course alter- 
nately in the following fashions: (a) the muscle was held fast the whole 
time and never allowed to shorten at all, and (b) the muscle was held 
fast for a certain period after excitation, varying from 0°01: sec. to 
0°20 sec., then allowed to shorten, and then pulled back by hand by 
means of the string attached to the iron on the electromagnet. A 
comparison of the heat-production i in these two cases will tell us if the 
lieat-production of the muscle is dependent on whether it be allowed to 
contract or not. | 
With any thermopile except the “ring thermopile,” if the muscle 

is suddenly released without any stimulation at all, by opening the 
. electromagnet circuit, a large deflection (due to its change of position 

on the thermopile) will take place: and if the muscle is then pulled 
back to its original position, the spot of light from the galvanometer 
will return fairly closely to its original position on the scale. It will 
not return at once exactly to its original place, because of the degrada- 
tion to heat of the potential energy due to the initial stretched condition 
of the muscle, and the consequent rise of temperature of the miiscle 
as a whole. If the muscle was originally very strongly stretched this 
positive deflection may be very large—as large as the deflection due to 
stimulation itself: if the muscle was only just stretched this deflection 
‘may be very small, or even negligible. Further, if the interval between 
stimulation and releasing the muscle was greater than about 0°2 sec., 
and the muscle was then pulled back to its original position, the 

galvanometer deflection may be almost exactly equal to the heat that 
would have been produced had the muscle never been released at all, 
with the addition of the (usually small) quantity of heat due to mere 
releasing of the unstimulated muscle. This last experiment is very 
valuable as a control: it shows that the apparatus is working exactly, 
and that the 20 to 30°/, difference observed when the interval between 
stimulation and releasing is quite short, is not purely artificial in origin. 

1 have used all the various forms of thermopile described in my 
earlier paper’: by using a multiplicity of thermopiles one may best 
hope to overcome, to notice, or to avoid purely mechanical and physical 
errors. It seems to me to be strong evidence in favour of the validity 
of the results described below, that with four different wey ss 
I have secured practically identical results. 
v. Hi. This Journal, p. 28. 1918. 
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In order to avoid movements of the muscles over the junctions 
of the thermopile, which movements set up “negative Schwankungen,” 
i.e. negative’ deflections due to cooler parts coming at first on to the 
junctions, I have made several experiments with the “ring thermopiles” 
described in my previous paper*. On these experiments I would lay 
special emphasis, for moving as they do with the muscle they allow 
practically no slipping of the muscle over the junctions. Thus no 
negative deflections* occur. It requires considerable care and neatness 
of handling to work successfully with the “ring thermopile : for it 
must be very light and its leading off wires very thin, if it is to move 
quite freely with the muscle: it is therefore easily broken or injured! 


The muscle must not be held tightly within it, since such treat- 


ment prevents shortening of the parts immediately in contact with the 
junctions. 

In some early experiments the lessened heat - produetion of a muscle released shortly 
after excitation was not obtained with these ring thermopiles.” It occurred to me 
however that the difference might be due to the fact that I had made the thermopile fit 
the muscle rather (though not very) tightly, so that the muscles were held fast and never 
really released. Once the ring thermopile was made to fit the muscles loosely the results 
obtained agreed entirely with the results obtained with other thermopiles. 

In order to retain the thermopile exactly, although quite loosely, on 
the same part of the muscle, so that the muscle may shorten reasonably 
freely without being compressed and yet not allow the thermopile 


to slip down, I have adopted one of three devices: (a) I have placed 


a minute piece of filter paper between the pair of muscles used, just 
below the thermopile; (6) I have tied a thread loosely round the 
muscles, and immediately below the thermopile; and (e) the muscles 
have been reversed, thin ends uppermost, and the thermopile allowed 
to slip down until it could slip freely no more. Each method has | 
proved quite efficient. 

The long “straight thermopile oocupies cs one half of the 
length of the muscle, and is fixed: it is essential for the quantitative 


1 Not necessarily negative, but usually so, owing to cooling of the more exposed parts 
by evaporation. Positive deflections may occur, 
deflections due to actual heat-production. | 
2A. V. Hill. This Journal, IVI. p. 43, 1913. 

Schwankungen,” which play such a part in the literature of the subject, are purely 
artificial in origin, and due to movements of the muscles over the junctions. They do 
not represent an initial cooling of the muscle on stimulation—a fact which if true would 3 
be of profound physiological significance. Never have I observed a negative deflection 
except when the muscle could so have moved: and never with the long straight thermopile 
have I failed to notice one when the muscle did actually move, whether stimulated or not. 
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estimation’ of the total heat-production, and is free from the above 
error when the muscle contracts isometrically. When the muscle 
shortens over it however, even only a few millimetres, large and 
troublesome negative deflections of several thousand scale-divisions 
may occur, and these I have always feared may affect the size 
of ‘the readings. For example, it is conceivable that the cooler 
parts may take up some heat from the warmer thermopile with 
which they come in contact, But from the. many observations I have 
made, there seems to be little fear of any serious error arising in this 


way, provided the muscle is at once pulled out again to its original 


length after being allowed to shorten. The size of these negative 


_ deflections is quite intelligible when one reflects that one scale-division 


10 1. Curves of tension set up in a pair of semi-membranosus muscles : Gans in seconds, 
measured from moment of excitation. Latent period shown. The curves were made 
with a tension lever (described later in this paper) of natural period about 1/40 sec., 

80 that the real tension of the muscle is followed with a high degree of accuracy. 

ot 
the muscle-tension-lever system. 


may represent less than ‘00001°C., and therefore that a 8 


deflection of 1000 8. d. may represent a difference of temperature of less 


than 01 C. at two points on the same muscle. The shorter “straight 
thermopile of 20 pairs of junctions, arranged to be near the upper 
fixed end of the muscle, gives one less trouble in this direction, but still 
is not perfect. The double thermopile gives still less negative 
deflection, but is not so convenient to use or so sensitive. 

In the experiments described in Table I the heat · produotion has 


always been corrected for the heat liberated by releasing alone, i. e. for 


heat produced at the expense of the potential energy existing in the 
muscle originally stretched. At intervals during each experiment 
It is obviously wrong to assume that one can estimate the average rise of temperature 


of the whole muscle by observing the rise of temperature at one point only: and it is 
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several observations were made on the actual deflection obtained ‘by 
releasing the unstimulated muscle, and then pulling it back to its 
original length. Care was taken to pull the muscle back to its original 
length in the same manner on each occasion, for a violent. pull sets the 
muscle vibratihg and so causes extra heat-production. The deflections 
so observed have been subtracted from all the observations on those 
3 muscles which have been released after excitation. 
In the following Table are given experiments to show that the 
heat - production, contrary to Fick's results, is never appreciably greater 
in the muscle released after excitation than in the muscle held fast. 
In Fig. 1 are reproduced a few typical curves to show the latent period 


and the rise of tension of a stimulated semi-membranosus muscle. 


These were made at approximately the same temperature as the 
observations given in Table I, which should therefore be viewed in 
conjunction with them. 


TABLE 1 released: at various 
moments after emcitation, 
| Intervals of time between excitation, and releasing the muscle given in secs. Heat- 


production (n. v.) in scale divisions of galvanometer deflection, Muscles excited by fine 
tinned iron wires to their ends. Each recorded number for the heat-production is the 


mean of several observations, nearly always agreeing very closely together (as ¢.g. 51, 56, 


55, 49, 51, 48, 52, 49, 55, 45: and 177, 183, 185, 177). The observations whose mean is 


given under the heading H. v., muscle held fast,” correspond to Fick's observations 
under the heading “ isometrisch”: those under the heading K. v., muscle released,” to 
Fick’s under the heading mit Wurf.“ The difference between the two heat-productions 
is given in percentage of the former. Observations under the two sets of conditions were 
made alternately, and the means taken of the alternate readings: the values of k. p., 
muscle released” are all corrected for the heat produced by releasing alone. Seventeen 
experiments have been performed in all, of which only a few are given here. 


Exe. 1. Two semi-membranosus muscles on long straight thermopile. ihe: 


belesen alone varied thom 19.40 15 Kd. the initial tension was small: the negative 
deflection of the muscles released and not drawn back was large. The electromagnet was 
used as well as the string to pull the muscle back, so that it returned exactly, after being 


released, to its previous position. The sensitivity of the galvanometer was varied for 


each separate interval, so that although fatigue gradually came on the readings were not 


Interval „„ 027 064 10% 12 018 »0%ůũỹ 016 
u. p., muscle held fast 180 161 218 250 233 227 240 
H.P., muscle released 129 1»; d 
AN. P., muscle held fast 220 220 217 220 224 215 215 
H. P., muscle released 173 172 181 222 225 172 155 


‘ 
: 
‘ 
ey 
— ry 
* 
* 
be 
3 
7 
. 
ag 
: 
15 
je 
. 
> 
8 
Z 
* 
5 
* 
* 
„ 
= 
ha 
= 
NR t 


444 A. FV. HILL. 


1. r of releasing alone varied from 7 to 9 8. d. No negative deflections at all, 


held fast 95 76 90 67 

w. muscle released 94 68 „90 57 

J, diterenos 28 0 18 


"Exp. 8, moderate initial tension ; 
K. p. of releasing alone varied from 17 to 18 8. d. In the last two sets of observations 


given, there was . greater initial tension and consequently 8 greater . r. cc 
alone, viz. 82 s.d. No negative deflections.  - 


Interval 98s 100 10 016 090 

I! 8 88 68 
muscle released 104 106 96 9. 71 

‘ — ans 16 5 1 2 17 16 0 


Rend Two semi-membranosus muscles in ring thermopile : moderate initial tension 


ee K. . of releasing alone 18 8. d. No negative deflections. 


Interval 018 046 137 027 
E. P., 125 105 
E. P., muscle released „ 98 44 
“lo difference  ... 38 27 -6 44 


From the experiments in Table I, and the curves in Fig. 2, we see 
that if the muscle be released during the latent period, or roughly 
at any moment before thé maximum tension is reached, the heat- 


production is decreased. The extent of this decrease depends on the 


interval of time between excitation and releasing, and is about 30°/, if 

the releasing occurs only some ‘03 sec., or less, after the excitation. If 
the interval between excitation and releasing is greater than this, 
so that the muscle is only allowed to shorten after its maximum 
tension has been developed, then no change in the heat-production 
is observed. The general interest of the results is considerable. Blix’, 
some years aga, asserted that all the facts he had observed were in 
favour of the view that shortening of a muscle acted unfavourably 


-on the extent of the heat-production, in so far as thereby “the 
chemically active surfaces were diminished.” Here it seems to 


me we have the essence of the whole matter, the heat production 
is not a volume effect but a surface effect, Blix’s view was 
derived mainly from experiments on tetanised muscles, where the 
conditions are in some ways different—eg. the later stimuli are given 
to the muscle when it bas already shortened, instead of being given, as 
in 9825 twitches, before it has shortened: so that the conditions of 


1 Blix. Physiol. u. p. 116. 1902. 


* * 
4 
23 
7 
* 
he 
8 
5 
1 
L 
1 
| 
* 
| 
; 
t 
| 
a | 
| 
— 
‘a 
a 


& 
— 
8 
ae 
4 
veld 


— 


MECHANICAL EFFICIENCY OF MUSOLE. 445 


stimulation are changed when the muscle is actually allowed to shorten. 


The far clearer result, and one less liable to error, is obtained in the case 
of single twitches: and from the above experiments one may safely 
assert that if the muscle shortens while the processes causing the rise of 
tension are still at work, then the heat-production will be diminished. 
If the heat-production were distributed uniformly throughout the volume 
of the-muscle-substance, this diminution would not occur, for the volume 
is unchanged in the shortened muscle: if however the heat-production 


is localised at certain interfaces, membranes or surfaces in the muscle, and 


is determined by the areas of such surfaces, then it will naturally be 


smaller when the muscle shortens, because the areas of such surfaces 


are smaller’, The areas of such surfaces are the only things that one 
can well conceive of as changing when the muscle shortens. 

These results therefore tend to substantiate the views of muscular 
contraction which have been based in recent years upon work done by 
Blix’, Fletcher*, Mines‘, myself*, and others: viz. that the rise of tension 
is due to the liberation of certain chemical bodies (probably lactic acid) 
in the neighbourhood of certain surfaces, interfaces, or membranes, and 
that the presence of these bodies in some way or another changes the 


tension at such surfaces and thereby the longitudinal tension of the fibre. 
The tension continues to rise so long as the production and concentration 


of these bodies proceed: and the extent and intensity of the production 
of these bodies depend on the area of the “chemically active surfaces” 
(Blix). If therefore the muscle be allowed to shorten before its 


maximum tension has been reached, the extent of the chemical processes 


and therefore of the heat-production accompanying these processes, will 


necessarily be diminished. If however the shortening be allowed to | 


take place only when all these processes are already complete, no change 
will take place in the heat-production consequent on, or accompanying 
them. The tension presumably falls, the muscle relaxes, not by any 
active process but by neutralisation or by simple physical diffusion of the 


active chemical bodies away from the interfaces or membranes: and these 
bodies, or at any rate the lactic acid, are either removed or replaced in 


1 Nearly all the areas that one can conceivably regard as chemically active in the 
muscle fibre are longitudinal and not transverse, so that they must be diminished, as the 
surface of the whole fibre must be diminished, by shortening. 

* Blix. Skand. Arch. f. Physiol. XII. pp. 72, 118. 1902. 

3 W. M. Fletcher. 1902. . 

Mines. Ibid. XI VI. p. 18. 19138. 

A. V. Hill. Ibid. u. p. 42, 1911; 5. 503. 10123 p. 1918. 
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their previous unstable compounds, under the later influence of oxygen’, 
and with the evolution of considerable quantities of heat’, 

But, to return to the main consideration of this paper, it is obvious 
that the results discussed above have some considerable bearing on the 
_ problem originally enunciated by Fick (p. 437 above), viz. Does the 
muscle when stimulated develop a certain amount of potential energy of 
tension, which may then be allowed to do work as we please, without 
any consequent change in the total chemical energy degraded by the 
muscle? They seem to me to answer this question definitely in the 
positive sense: once the potential energy, the tension; has been developed, 
it may be used indifferently for the accomplishment of work by shortening, 
or not: whether it be so used or not, no difference will occur in the total 
energy set free in the contraction. The muscle ina twitch develops 
potential energy which may be used indifferently for the 

production of work to any degree the conditions of loading 

allow. The muscle is a machine for developing tension, and not 
primarily for doing work, and therefore the only valuable criterion of 
the “ mechanical efficiency ” is the ratio of the potential energy set up to 

the total energy liberated : the ratio of work done (under isotonic condi- 

tions) to total energy liberated is of no particular interest, for the 

amount of work done depends solely on this potential energy, and on 

the purely arbitrary conditions of loading. . 

An incomplete consideration of this subject has already been ive 

by myself*. It was shown with the Blix thermo-galvanometer that the 

heat-production of a muscle, stimulated but not allowed to shorten, is 

within certain limits proportional to the increase of tension set up in it, 

As Rohde‘ has suggested, these observations of mine are true only over 

a limited range: with my present apparatus and the far better tension- 

lever now employed, there are seen to be considerable divergences from 

constancy of the ratio 7/H. The relation is however a first approxima- 

tion to the truth, and in my earlier paper I showed that the general 

properties of the observed changes of mechanical efficiency with changes 

of stimulus and load can be deduced from the assumption that the 
excitation causes the setting up of a new elastic state in the muscle.” 

With this conclusion the observations of Rohde on the relation between 

pressure set up and oxygen used by the mammalian heart are in very 


1 W. M. Fletcher and F. G. Hopkins. This Journal, xxxv. p. 284. 1907, 
2 A. V. Hill, Ibid. Avi. p. 28. 1918. 
3 A. V. Hill. Ibid. Xun. p. 87. 1911. 


Rohde. 1912. 
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satisfactory agreement. “ When à muscle is excited a certain amount 
of energy H has to be used to change the natural length from “ to J, 

and the coefficient of elasticity from F to E. In this argument I made 
tacitly, and at the time unconsciously, | the assumption that the setting 
up of the same new elastic state is accompanied by the same heat- 

production independently of whether the muscle be allowed to shorten 
or not: and that the same new elastic state is set up whether the muscle 
be allowed to shorten or not. The first of these: assumptions is shown 
above to be correct: the second is incorrect. When a given new elastic 
state has been set up, allowing the muscle to shorten has no influence 
on the total heat-production: but allowing the muscle to shorten before 
‘the new elastic state has been fully elaborated, does have an effect on 

the heat-production, and presumably on the elastic state finally attained. 

If the muscle is held fast, probably the potential energy developed is 
greater than the work that would have been done if the muscle had 
‘been: allowed, from the beginning, to shorten under ideal conditions of 
loading. The error introduced by this is, however, comparatively small, 
probably not more than 20°/, of the whole. The general validity, there- 
fore, of the conclusions reached in my earlier paper, still holds, In order, 
however, to have been theoretically satisfactory, the experiments recorded 
there in which the muscle did work, should have been so made that no 
work was done, no seating occurred, until the maximum tension was 


Parr 2. MECHANICAL POTENTIAL ENERGY DEVELOPED N 
_ A MUSCLE WHEN CARRYING OUT AN ISOMETRIC TWITCH. 


Gerten criticisms, fatal as it seems to me, to Fick’s casted of 
"estimating the maximum work done by a muscle must be considered. 
In order to obtain. the full tale of work out of the potential energy of a 
stretched elastic body, as eg. an excited muscle, the conditions of 
loading must be arranged so as to be what is known in thermodynamics 
as “reversible”: i.¢. the load at every length, during the course of the 
shortening, must be exactly equal to the maximum tension the muscle 
can exert at that length. To arrange such conditions of loading would 
be an extremely difficult mechanical problem, implying a knowledge i in 
every twitch of the elastic conditions of the excited muscle, i.. practically 
knowing the very quantity. we wish to find. In practice, one might : 
obtain much more work from an excited muscle by arranging that it 
should lift a weight which decreased uniformly as it was lifted, rather 
than in an isotonic contraction : but even 80, only by a lucky chance 

29—2 
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could one obtain the maximum work the muscle is capable of performing. 
In an isotonic contraction the load is, at the beginning of contraction, 
too light: the muscle could lift more, and so do more work, if it were 
allowed. At the end of contraction however the load is too heavy: the 
muscle could contract more, and so do more work, under a lighter load. 
The maximum work a muscle can do may be three or four times as great 
as the work it ever will do in an isotonic contraction. 

It may however be argued that in Fick’s experiments the work done 
in isotonic contractions does at any rate give us some clue as to the 
practical mechanical power of an active muscle under certain everyday 
conditions. But even this is not the case. A large part of the work 
done by an activated muscle may be due to the potential energy 
existing already in the muscle by virtue of its initial tension: 
and it is noticeable that the greatest work is obtained from a muscle 
when it is lifting a very heavy load which is hung directly on to it. An 
inactive muscle is stretched by virtue of a heavy load: it possesses — 
therefore potential energy I x (a —1)/2 approx., if « be its stretched length 
under load 7, and J its natural length when unloaded and unexcited. 
_A stimulus comes and the tension of the muscle is increased to T, which 
may be only slightly greater than 7’: it therefore begins to contract, 
doing work. It does not however follow that the work which it manages 
to perform is entirely due to the new potential energy thrown into it as 
a result of the stimulus: in many cases rather may we regard the increase 
of tension due to excitation as just helping me initial stretched condition 
of the muscle to ‘accomplish work. 


spring holding the other pan B exactly balanced. If 10 grms. be now placed in pan B 
the latter will sink and a great deal of work will be done in raising the 1 kilo. weight: 
this work however is not done chiefly by the 10 grins. weight (such an idea is obviously 
absurd), but by the stretched spring, which with the aid of the 10 grms. weight has been 
enabled to lift the 1 kilo. SS ee 
subjected to a very heavy load. 


Now Fick, in his well-known paper’, estimated the work his 
muscles were capable of performing by allowing them to contract 
isotonically, and recorded their movements magnified four times on 
a drum. Sometimes also he used swinging equilibrated masses at 
opposite ends* of the lever, a device which usually gave much more 
work and a higher efficiency. The explanation of this latter phenomenon 


1 Pfltiger's Arch. XVI. p. 69. 1878. 
2 On either side of the axis. 
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is simply that, by virtue of the tension needed to overcome the inertia, 
1.6. to increase the momentum, of these balanced weights, he was 
enabled to put a greater tension on the muscle at the beginning of 


contraction! than at the end: a fact which, as pointed out above, would 
naturally increase the amount of work obtained. As is well known, 


Fick obtained a maximum efficiency for his muscles when subjecting 
them to relatively large loads: the greater the load was, the higher 
the efficiency seemed to rise. This, which has been regarded as 


2 physiological fact of some significance, is simply and solely 


a mechanical one. For an initial load of 200 grms. he found a 
contraction of only 49 mm., and an efficiency of 22% : on another 
occasion, with a load of 100 grms. he found a contraction of 129 mm. 
and an efficiency of 29°/,. These high efficiencies of the muscle, which 
have been largely discussed and made the basis for many theories, were 
all found with very small contractions under very great loads. A load 
of 200 grms. might well stretch a muscle of 3°6 grms. more than 


49 mm,, so that in the contraction of 4:9 mm., at every length some 


work was being done by the potential energy due to the stretched 
condition of the muscle. The diagram of Fig. 2 may make this clearer. 


I cannot see therefore that the maximum efficiency given by Fick can 


mean very much: all the higher values given by him were obtained 
with very heavy loads on the muscle, and so all contained an important 
and possibly preponderating source of error. 


It may be interesting to record that the presence of the initial potential energy of the 
stretched and resting muscle gives a complete explanation of the phenomenon observed in 
connexion with the changes of efficiency during the onset of fatigue. Heidenhain“ and 
several other observers® found that the efficiency increased as fatigue came on, and this rise 
of efficiency in fatigue has been widely discussed and commented on . Now when the muscle 
is subjected to a considerable initial tension, it possesses considerable quantities of potential 


energy ready to do work. As the heat-production and the mechanical response gradually 


diminish in fatigue, more and more proportionally of the work done in the twitch must be 
due to this initial potential energy of the stretched muscle: so that the observed efficiency 


1 In Fick’s experiments a single twitch gave no effect : it usually required 5 to 10 
shocks to give enough heat to be measured. 


2 It should, of course, be noted that Fick used very large muscles, 3°1 to 5°4 grms., 


80 that a load of 200 grms. is not so large as it would appear to be, if one imagines it 
applied to the adductor preparation of a small English frog. 
200 grms. is an easy possibility. 
Heidenhain. Op. cit. 1864. 

b ¢.g. Blix. Scand. Arch. f. Physiol, xu. p. 104. 1902. Störring. Arch. J. Anat. 


u. Physiol. p. 611. 18965. 


Eg. Burdon-Sanderson, Schdſer's Text Book of Physiol. 1. p. 400, 1900. 
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higher und higher, As fatigué on I have novet obseryed.an increase of the 


of tension, or of potential energy developed, to heat-production: both ratios diminish con- 
finually with fatigue, Fatigue, meaning probably increased hydrogen-ion concentration 
of the fluids bathing the fibre, seems always to spell inefficiency. * 
es “How then may we estimate the power of doing work of a muscle 
twitch? It would be possible by an “after-loading” experiment, with 
a load which diminished as it was lifted, to get a much fairer estimate 


of the maximum work. The load might consist of a small piece of iron, 


supported before the muscle contracted: below it could. be placed an 
electromagnet, so that as the iron mass was lifted it would go further 
away from the electromagnet, and so the attraction of the latter would 


probably get a considerable proportion of the mechanical potential 
energy of an excited muscle delivered up as actual work: but this 
could: be secured only by a process of trial and error, and one could 
never be sure that one had really obtained a full maximum of the work. 


8 
3 
2 1 


Fig. 2. Work diagram of muscle, resting and excited. Horizontally length of muscle, 

measured from the right at O: vertically, tension in the muscle at the corresponding 
length. OF, natural length of muscle resting: OB, natural length of muscle when 


muscle; AE, relation between tension and length of active muscle. The area 4D’E 
is the total work that can be accomplished by the active muscle: DD’F can be accom-. 


is thrown into the muscle by the excitation is therefore (area AD’E) - (area DD, 
i.e. the area AEFD. In an isotonic twitch however, under tension equal to DD’, 
the muscle only contracts to the length OC’, instead of to the length OE: and the 


possessed also by the resting muscle, and creditable in no wise to the excitation. 


— 


1 See Mines, this Journal, p. 1. 191383. 


be diminished. By practice with a device of this sort one could 


Rather than try to overcome the mechanical difficulties of such an 


excited to a short contraction: DF, relation between tension and length of resting 


plished by the stretched resting muscle. The actual possibility of doing work which. 


work done ABC’D’ is largely due to the part DCO’D’, which was potential energy — 
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investigation, I have thought it far easier and theoretically. more 
satisfactory, to attempt a direct. measurement of the potential energy 


thrown into an excited muscle when not allowed to contract:at all. In 
Part 1 of this paper it was shown that the heat - production of an 
excited muscle is unaffected by the muscle being allowed to contract 
when the maximum tension has already been reached. At and after 
this moment the muscle is simply a new elastic body of changed elastic 
properties, and possessing potential energy which can be turned into 
work if we desire, but which otherwise will degenerate in a few 
hundredths of a second into heat. What we need to know about the 
excited muscle, referring to Fig. 2, is the curve relating tension to 
length: for knowing this we can calculate the area 4 EFD, which 
represents the total potential energy of the muscle. Were it possible, 
it would be best to arrange that such a curve, relating tension to length, 

should be made in each experiment where the heat-production is 
registered, for the curve varies to some extent for different muscles. 
The heat-measurements however, as described in Parts 3 and 4 of this 
paper, are already complicated: I have therefore avoided the added 
complexity that would be caused by the introduction of a rather long 
experiment on the relation between tension and length, in the twitch 
of the particular muscle employed. I have preferred to find how the 
potential energy AHFD (Fig. 2) liberated in the twitch can be deduced 
from (a) the resting length of the muscle and (b) the maximum increase 


of tension set up in the twitch, to take the mean of several observations 


of this quantity, and to apply this to the experiments in which the 
heat-production is registered. 
The obvious method of investigating the value of the potential = 


5 energy, and the one first applied, was as follows. The muscle was 


excited by a single shock, always at the same length: it was allowed to 
shorten to various lengths, accurately measured, then held fast at each 
length and the maximum tension set up recorded on a drum. In the 
carrying out of this idea the following method was adopted: the 
muscle was held in a clamp, which could be screwed up and down 
in @ vertical line and its vertical movements registered accurately to 
0˙1 mm. The clamp and muscle were screwed up, until the string 
attaching the muscle to the tension lever was just tight: a shock was 
given, and the maximum tension developed when the muscle was not 
allowed to contract at all, was recorded on the drum. The muscle was 
now screwed down 1 mm., so that the string was now slack: it was 
again stimulated, it contracted 1 mm., was held fast by the tension. 
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such means a series of observations can be obtained on the degree of 
contraction, the tension-length diagram (cf. Fig. 2) made for each 
contracting “reversibly” found from the area of the curve in the 


has a period of vibration, when free from the muscle, of about 1/40 sec. 
The stimulation was by single shocks, conducted by tinned iron wires to 


Fig. 8. Tension lever. 8, fine piece of watch-spring, held between two jaws I and J, 
which can be adjusted to be any required distance apart, so that more or less spring 
is used according as to whether higher or lower sensitivity is required. A, very fine 
piece of bamboo, slightly curled so as to write on a drum. C, silk thread passing 
over B pulley. X, screw containing nut (not shown) to be screwed outwards, to hold 
the jaws apart, and the springs stretched. Period of vibration as used, 1/40 se. 


the extreme ends of the muscle. These wires were so thin that the 
lower one exerted practically no tension on the muscle, and the little 
it did exert served merely to keep the muscle straight: stimulation 
therefore occurred always with the muscle at identically the same 
length. The potential energy of a stretched elastic body of length 
under tension 7’, and of natural length Aw (where X is some fraction) 
is TX (@—Aa)/2, ie. IT * (1/2. The potential energy of the 
excited muscle therefore should. be proportional to the length L of the 


then screwed down 1 mm. more, and its tension recorded after 2mm. 
contraction: and so on, until finally it was allowed so much room to 
_ shorten that the string to the tension lever never became tight, and 
no rise of tension at all was recorded. It was then screwed up again 
gradually, and the observations were repeated in the reverse order. By 


tension that can be exerted by an excited muscle, at every stage of its 
excited muscle, and the maximum work which the muscle can do in 


diagram. The tension-lever is of the type shown in Fig. 3, and as used 


on 
— 
. 
— 
a 
> j 
* 
; 
7 
* 
* 
E. 
: 
‘ 
3 
* 
| 
\ \ 
9 
A N ¢, 
4 
N 
1 
7 4 \ 
N 
. 
J 7 
' 
14 
1 B 
a 
z 
4 
% 
2 
2 
2 
j 
3 
14 
>, 
a 
3 
3 
4 
2 4 
= 


MECHANICAL EFFICIENCY OF M USOLE 453 


muscle, and also to T the maximum tension set up when the muscle 
is not allowed to contract at all. It is in fact n x Tl, where u is some 
constant, as yet undetermined. We desire by these experiments to 
determine u, so that we may he able to put down the potential energy 


of an excited muscle by multiplying together the increase of tension, the 


length, and a certain constant. In every experiment therefore T the 
increase of tension when the muscle is not allowed to contract at all, 
and / the total length of the muscle, are carefully determined: and the 
potential energy, calculated as the area of the curve in the work 
diagram, is compared with the product T* I. Most of the actual 
experiments performed, and given in Table II, were carried out for me 
by Mr N. K. Adam of Trinity College, to whom I am ore indebted 
for the care and accuracy with which he made them. 


In each experiment a tension - length diagram was made, as described above, for the 
excited muscle. The area of this curve was expressed as u x T. I, where T was the increase 
of tension when the muscle was not allowed to shorten at all, and 2 was the total length 
of the muscle. The values of 1 are given below in the eleven experiments performed. 
Observations were made both for single shocks, and for tetartic stimulations so short as to 
evoke contractions differing in no way except strength from twitches due to single shocks. 
There is no obvious difference in the values of » for the two types of stimulation. bec 


Values of 1/p. 7 
Number of exp. Muscles used I/, single shocks I/, short tetanus — 1/p, mean 
1 2 sartorii 8°7 9°7 
2 2 gracilis 5°6, 6-8 8-1, 6-2, 63. 
8 3 6˙4 6˙7 65 
4 2 sartorii 5°7 7 ol, 5°5 54 
5 1 semi-membr 74 
7 2 sartorii 6-8 
8 2 semi-membr. 77 
9 1 73 — 
1 Sartorius — 6˙ 0 
11 1 semi-membr. 5°3, 6°5 


The mean of all these values of 1 is 6-9. The potential energy of the excited muscle 
may therefore be assumed to be 1/6-9 T. F 
in om. 

From the e in Table II, we 2 should conslude that the 
potential energy of an excited muscle is T x 1/69, There are however 
one or two difficulties which must be discussed. In the first place 
is the method of calculating the potential energy from a tension-length 
diagram justifiable? is the tension which a muscle will exert when 
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it has shortened through 3 mm. (say) the same, whether it has lifted 
a load and done work in shortening that 3mm., or whether it has 
shortened freely? When the muscle shortens, lifting a load, it remains 
extended longer than if it shortened freely: and so from Part 1 of this 
paper we might expect a greater heat-production, and probably there- 
fore a greater development of tension-energy at the shorter lengths. This, 
if it were the case, would make the quantity 77/69 too small. To test 
the question, some experiments have been performed in which the. 
muscle lifted a load and did work, in shortening to the various lengths 
at which its tension was recorded. The en — is 
typical. | 

Exp. 
tension of 177 grms. wt. The tension recorded at each length is of course the tension 
registered by the tension lever 17:7 grm. wt., since the muscle was still lifting this 


weight when pulling on the tension lever. Alternately with these observations the muscle 
was allowed to shorten freely, doing no work, and ite tension recorded as various lengths. 


Amount of contraction, mm. 5 11 1 24 27 
Tension exerted, when work done 6587 85°4 
Tension exerted, no work done... 685 6581 41 262 28-4 
Work done in mer. mm. 8870 19800 88600 42500 47800 
We see that the tension exerted at any length when work is done 
in contracting to that length, is definitely greater than the tension 
exerted when no work is done. This, I feel, must be due to the greater 
time taken by the muscle to contract when it does work, and to the 
consequently greater energy exchanges within it (Part 1). In several 
experiments the potential energy as calculated by the method of 
Table II, turned out to be roughly about 10% greater when the 
muscle was allowed to do work in shortening: and I think one may 
fairly conclude that, had it been possible to estimate the potential 
energy without allowing the muscle to shorten at all, the potential 
energy would have been brought up to at least the value 477. For in 
all the experiments given in Table II, the muscles were allowed to 


shorten before their tension was developed: from Part 2 we know that 


in such cases the heat-production is considerably, say 25°/,, diminished, 
and ‘it is not unreasonable to conclude that if the heat-production is 


diminished all the processes of energy liberation also are diminished. 


If this be so, we can understand that, had the muscles in Table II, 
been held fast and then released only after their full tension had been 
developed, their tensions at various degrees of contraction would have 
been increased, and therefore the potential energy of the active 
muscles also increased. I have attempted to make experiments in this 
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manner, holding the muscle fast for ‘07 sec. after excitation, and then 
releasing it and measuring the tension it could exert at various lengths. 
But, for some reason or another which I cannot understand, the method 
has failed: possibly the magnet holding the muscle fast is not released 
quickly enough: possibly the tension lever is not of sufficiently rapid 
period of vibration. But, taking into account the probable order of 


‘magnitude of the error due to this cause, I believe we shall be fairly: 


safe in assuming that the potential energy liberated in the excited 
muscle is and on the grm. ems, 


Pane 3. A NEW METHOD OF ESTIMATING THE BRAT-PRODUCTION 
OF MUSCLES, IN ABSOLUTE UNITS. 


The obvious method of calibrating the thermo-electric apparatus 
used for estimating the heat-production of muscles, viz, that of direct 
calculation from the number, resistances, and thermo-E.M. F. s of the 
elements, and the resistance and sensitivity of the galvanometer, is 
liable to be considerably in error. This method, which was the one 
adopted by Fick, when applied to my apparatus gives results which are 
so completely wrong that its employment would render the whole 


research valueless. It seems to me more than probable that the 


disturbing factors which have rendered the calculated sensitivity of 


my iustruments some 300% greater than the actual sensitivity observed 
by direct calibration, must inevitably have had some influence though 


probably a much smaller one on the accuracy of Fick’s observations. 
Without working with his actual thermopile, it is however impossible 
definitely to assert this. 

In a recent paper? I have described a method of warming a muscle 


eleotrically after death, which has proved a very useful control in 


investigating the time · relations of the heat - production of a live muscle. 
It is a natural development of this idea to use electrical warming by 
means of a known current to calibrate the apparatus directly in absolute 
units under experimental conditions. The difficulties of carrying 
out this idea were apparently rather serious, but fortunately have proved 
superable. The advantages of such a method of calibration were 


| obvious, for: 


(a) The current yields a kiewe amount of heat in the W 80 
that an exact knowledge of the weight and specific heat of _— sesend 


5 1 l. v. Hill. This Journal, mn. p. 46. 1918. 
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is unnecessary: the calibration is given, not in . but directly in 
calories! per scale-division of galvanometer reading. 

(b) The calibration is made under experimental conditions with 
each muscle: thus the heat-capacity of the thermopile, the heat-loss 
before the reading is complete, the low heat-conductivity of the muscle 
and of the layer of shellac on the thermopile, are all completely controlled 
and eliminated: for all these quantities are the s same n. the —* as 
with the live muscle. 

(c) Short-circuiting of the con- 
tiguous branches of the thermopile: changes in the metals due to heating 
during soldering: alterations of all kinds occurring from time to time in 
the EMF. per 1°C. of the thermopile: these are all avoided in a sim ple 
manner by a direct estimate of the sensitivity, but would come in and 
cause large errors, were the sensitivity simply calculated. 

For several reasons the electric current used for warming the, muscle 
after death, must be an alternating one of fairly high frequency: other- | 
wise the galvanometer may be injured, or at any rate undergo , a 
considerable deflection, by short-circuiting of the direct current warming 
the muscle; and moreover the polarisation set up by a direct current 
passing through the muscle would be. so considerable as entirely to 

invalidate any measurement of the resistance of the latter. It is 
impossible to use non-polarisable electrodes, for the resistance of such i is 
high, and therefore a large and unknown proportion of the heat would 
de liberated in the electrodes instead of in the muscle. In order that 
the heat may be liberated entirely in the muscle it is necessary that the 
resistance of the leads should be negligibly small, and therefore the 
latter must be: * composed of metal. Accepting therefore the. condition 
that the warming current cannot be a continuous one, how shall we 
measure its magnitude ? It was obvious from preliminary calculations 
that the warming current would have to be of the order of 5 x 10 amps. 
lasting for about 1 sec, if it was to give an amount of heat comparable 
with the heat-production of a single muscle twitch. There is, so far as 
I am aware, only one instrument, a Duddell’s thermo-galvanometer, 
which can measure accurately the magnitude of an alternating current 
of this strength. This however was not available for my experiments. 
Fortunately however another method proved available. A direct current 
of known RM. measured accurately with a micro-ammeter by Paul, 
was passed through a “secohmmeter,” i ie. a rotating commutator, driven 


1 “ Calorie ” means gram-cslorie throughout this paper. 
2 Of resistances 50, 1000, 10,000, or 100,000 ohms. 


4 
4S 

4 
= 

* 

18 

Ag 

4 

7 ‘ag 
4 *. 

5 

* 75 
n> 

2 
2 
4 
y 
ERA 
4 85 
¥ 

3 
“M 

— 

a 

a 

‘ 

4 
q 
2 
‘A 
4 
2 
3 

23 

7 * 
RL 
* 
7 

* 
* 
x 

2 B 

iy 

+ 
1 

8 
* 
é 
7 
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with an A. C. motor. By this means a direct current was transformed 


into an alternating current of exactly the same strength, with a frequency 


of about 30 complete alternations per sec. By means of Dr Keith Lucas’ 
uniformly rotating drum, arranged to knock down two keys at a definite 
interval apart (as in Part 1), this known alternating current was passed for 
a definite period through the muscle, the muscle was thereby warmed, 
and the galvanometer deflection observed. Usually several observations 
of this kind were made, with different durations of the warming current, 


The resistance of the muscle was then taken by passing a smaller 
current through the microammeter and various resistances, thence 
through the rotating commutator and thence as an alternating current 
through the muscle. By varying the known resistances and taking 
readings on the microammeter, several equations could be obtained for 


2 


Fig. 4. Diagram of connexions. 


M, muscle, inside muscle chamber, on thermopile T which is connected to galvano- 


meter G. 

E, batteries [usually 4 two-volt accumulators]. 

Ri, resistance 10,000 to 100,000 ohms. 5 

A, microammeter, of internal resistance 50 ohms. f 

Ra, 8 resistances of 950, 9950, and 99,950 ohms, to be used as desired. 

Ka, key in 100 ohm wire, short-circuiting the ammeter and resistance box. 

30 revs. per sec. 

Ki, Ke, keys: ²̃˙5ʃe§?rg 
at a definite interval apart: during the time while Ka is open and TI still closed 
the current ceases altogether. 
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‘calculating the resistance of the muscle. Most concordant. results were 
secured. The whole process will be made clearer by reference to the 
‘diagram in Fig. 4, and to the example given in the text below. When 
the measurements are complete, if E be the EMF. of the cells used 
‘(when sending a current through the commutiitor'), R the resistance of 
the muscles, ¢ the time of passing the warming cu 
of the circuit outside the muscles ory (usu aly about 


“100 ohms), then the heat-production i is 


By equating this quantity to the actual deflection of the galvanom 

registering the heat - production, we obtain the value of 1 scale - division 
directly in calories. The following is an actual gt ee 
‘See Fig. 4. 


and no resistance in Ni, the reading of the microammeter was 787 „ 10 amps. The 
effective R. M. v. of the cells is therefore 7°87 volts. 

In the warming experiment, K was closed, resistance in Rz and 4 100,000 ohms, in 
Bi zero, and the current was allowed to pass through the muscles (a pair of sartorii), 
(a) for 0-792 sec. and (b) for 1°58 secs. In the first case (a) the reading obtained was 
78 8. d.: in the second case (b) the reading was 154 8. d.: these represent 98°5 and 97:5 s.d. 
respectively for 1 sec. warming—a very close agreement. 

To find the resistance of the muscle, a single cell only was used in E: its effective 

X. u. r., measured as above, was 1-964 volts, K, and K, are opened, Ki closed. The 
current is therefore running through the microammeter, through the commutator, and 
_ thence as an alternating current through the muscle. 
With resistance 20,000 ohms in Ri, R, and A the reading of the microammeter was 
60°83 x 10-* amps. : with 11,000 ohms it was 82°6 x 10-* amps.: with 1000 ohms it was 
141˙8 „ 10 amps. The muscle’s resistance being M we therefore have 
1°964/60°3 = (20000 + M) 10-6, 
1-964/82°6 = (11000 + M) 10-6, 
1-964/141-8 = (1000+ M) 10-6, 
from which three equations we find Mf to be 12,600, 12,800, 12,800 ohms respectively—a 
very satisfactory agreement. 

warming experiment 

und 12,800 in the muscle, the heat liberated in ‘792 seo. in the muscle must be ae 


which must be equated to the reading of 78 8. d. for the warming, 3 
1 s.d.=11°60 x 10 calories. 


„%%% 
commutator are changing over on to the opposite brushes, This is perhaps 6 %% of the 
that the a4 ased is lesb by the corresponding amocnt than the 
E. M. 1, of the cells. 

when Ki, Ka, and Ks are closed, in the warming experiment. fee 
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muscle was assumed to be unity we find 
14 =56-2 x 10-6 
thermo · x. x. v. sof the cloments, and from the 


and of he guano, we find 


1 a. d. 17 x 100. 


Tunis is less than 1/8 of the true value. Various errors therefore are introduced unless 
we adopt the method of direct calibration, 


In this experiment the muscle, givem od quantiline of 
in a series of contractions : the maximum heat-production was in a twitch which gave a 
deflection of 177 8. d.— a total heat-production of 2-02 x 10-* calories, or about · OI cal. per 
gram. Fick found that the average twitch yielded about 008 cal. per grm., with — 


my observations are in satisfactory agreement. 

In order that the resistance of the al when mesaured. may be | 
axactly the same as its resistance during the warming, it is necessary 
that the frequency of the current should be the same in either case. 
With any ordinary frequency the resistance of the muscle depends, in 
some degree, on the frequency : for some polarisation will occur with 
a current lasting only 1/60 sec. It is necessary therefore that the 
commutator should run regularly for long periods at the same rate: 
the use of an alternating-current motor ensures this, for it runs regularly 
in time with the alternations of the electric supply. 

At the end of every experiment some chloroform vapour was blown 
into the chamber and aſter 2 or 3 hours a calibration experiment was 
made on the dead muscle, under identically the same conditions as 
affected it during life. The galvanometer used was the Paschen 
instrument: it was used at practically the same sensitivity throughout 
the series of experiments given in Part 4. To show the degree of 
variation that occurs between individual Begg I have tabulated 


semi-membranosus, and eight sartorius muscles. 

xps. 1 to 5 semi-membranosus, 6 to 18 sartorius. a eae 

Number of exp. 1 2 3 4 5 6 Ae 

1. d. in cal., * 10 179 3844 254 $21 380°7 11°65 159 
d. in O., x 10° 38°6 60-8. 836˙6 498 66 


1b. d. in cal., 10 11°87 17°35 898 9385 116 
1 6.4. in O., 10 55 88 61 51˙1 524 66˙2 


It is seen that for different muscles the value of 1 a in die 


varies very largely, as we should expect: the extreme variation is from 


179 to 344 for semi-membranosus muscles, from 8:98 to 17°35 for 
sartorii. The value of 1 sd. in °C. also varies fairly considerably, owing 
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to differences in the positions and weights of the muscles: though it 


varies less, only from 36 to 60 for semi-membranosus, from 51 to 88 
for sartorius muscles. We see therefore that there is no possibility of 
calibrating the apparatus once for all. The variations are a property of 
the muscles, and not of the apparatus, for in all the above experiments 


the galvanometer had the same sensitivity and the same thermopile | 


was used. 
interesting to note. that Wers calibration experiments have given striking 


testimony. to the accuracy with which the thermo-electric apparatus registers the heat- 


production of the muscle. If the warming currents are passed for any time, up to 


7 seconds or so, the deflections obtained are exactly (to within 1 % proportional to the 
proportional 


times of passing the currents. The deflection of the galvanometer is directly 


to the heat set free in the muscle, whether in a short or a long period. 


Parr 4 THE RELATION, IN ABSOLUTE UNITS, BETWEEN THE POTENTIAL 


ENERGY LIBERATED AnD THE HEAT PRODUCED IN A MUSCULAR 


CONTRACTION. 


The experiments on living muscles were made in almost identically 
the same manner as was described in my earlier paper’. The stimu- 
lating and the warming currents were carried by tinned iron wires, 
wound around the pair of muscles at the extreme top and the extreme 


bottom. The currents used to excite were tetanic stimuli of very short 


duration (usually from 04 to 08 sec.) obtained from the same cells 


f and revolving commutator as were used after death for warming the 


muscles. This method of excitation was adopted for three reasons: 
(a) a muscle given a very short tetanus produces a stronger twitch, 


though of practically the same character, and more heat, than when 


given a single shock. In a previous paper“ I showed that the ratio of 


tension developed to heat produced in a contraction called forth by 


a very short tetanus, is independent of the duration of that tetanus. 
It is desirable for many reasons to use thin muscles’ on the thermopile, 


and such muscles will give less deflection for the heat-production 


and far less tension than thicker muscles. In order to obtain accurately 
the relation between the heat-production and the potential energy it 


is better to have large readings, so that short tetanic stimuli which 


1 This Journal, xxv. p. 28, 1913. 

2 XIII. p. 18. 1911. 

In Fick’s experiments, in 
consequence of the thickness of the muscles, only the surface temperature could be 


uniformly all over. 
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give larger readings have been used. It is shown above (Table II) 
that the potential energy is the same fraction of the product T Nc I, 
in a short tetanic contraction as in a simple twitch, so that no error can 


arise from the use of such stimuli. The other reasons are: (b) it 


is more convenient to use the same apparatus for both excitation and. 


warming, for then it can be kept continually in the same position ; 
(c) it is desirable to know the magnitude of the heat-production due 
to the stimulus itself, the Joule’s heat of the exciting current’: and 


this is impossible with single shocks from an induction coil. The 


duration of the tetanus has been adjusted by the use of Dr Keith 


Lucas’ uniformly rotating drum, in the manner described above 


(p. 457, Fig. 4). 


All the experiments were made either with a pair of eartotii, | 


or with a pair of semi-membranosi, held on a long straight 
thermopile of 40 pairs of junctions’, The experiments differ from 


those previously performed with the apparatus, in that the muscles 


have their mechanical response recorded as well as their heat-production. 
In all cases the tension developed in the excited muscle has been 
registered by means of a silk thread, passing through the base of 
the chamber. The thread was taken sideways over one pulley—which 
was very small, free from much momentum, and frictionless—and turned 
vertically again over another pulley to a lever writing on a drum. The 


tension lever was the one described above, of rapid period of vibration 


and adjustable as to its sensitivity. The tension 7’ set up was 
measured in grams-weight, the tension lever being calibrated by 
hanging a known mass upon it. The length / of the muscle, measured 
from the extreme ends where the iron wires were tied around it, was 
expressed in centimetres: and the product 3 Il (see Part 2), expressed 
in grm. om. of work, was then taken to represent the potential energy 
developed in the excited muscle. In order to express grm. cm. of work 


in heat-units one has to multiply by 10‘ 26, so that ; 77 x 102 
calories represents the heat-value of the potential energy developed 


in a muscle after excitation. It is this quantity which has been 
compared with the heat-production in the muscle. twitch, and given in 
the e experiments. vay many experiments were performed, 


Bepecialy is this desirable in a series of experiments which have been out on 
the same muscles as were the experiments given here, in which the heat-production in a 


prolonged tetanus has been estimated in absolute units: in using a prolonged tetanus 


2 Op. cit. p. 42. 19183. 
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2 
almost daily over a period of three months, and the following are 


typical of them. Table III contains experiments made on sartorius 
Table IV experiments on semi-membranoeus len 


TABLE 8 Sartorius muscles. The ratio, in absolute unite, of the 


calories (i.. gram - calories x 10-0), tension in grams- weight, lengths in centimetres, and 
potential energy (calculated from the formula 3; Tlx 10~4/4°26) also in mioro- calories. 
In no case has the heat produced physically by the excitation itself been greater than 
about 1 to 2% of the whole. H represents heat-production, T increase of tension, send 
the isometric contractions investigated. — 


Exp. 1. Length of muscles, 3°3-cm. : 1K. d. deflection 
=8-82 x 10-* cal. Observations 1 to 4 were made on the fresh muscle: 5 to 12 after a 
certain amount of fatigue had been produced by tetanus. No. 5 was the mean of 8 observa- 
tions: Hou; 6 10 were single observations: No. No, 12, mean of 3. 


No. of observation... 5 1 2 3 4 5 . 
Duration of excitation: secs. 075 075 075 075 075 075 
Initial tension: grm. wt. ... 105 10˙5 10°5 105 105 


. Heat-production: cal. 574 740 757 858 790 685 
Tension, T: grms. 518 43˙5 24˙8 


Duration of excitation: secs. 150 075 150 150 150 1350 
Initial tension: grm. wt. ... 7 * 7 30 14 


Heat-production: cal. „ 10 685 657 850 742 632 798 
Tension, 7: grms.wt. ... 248 40% 448 422 213 41˙4 


Exp. 2. Length, 8-35 cm.: 14d 11.47 10- cal, Duration of 
excitation, -075 sec, Variation of stimulus and initial tension. 


No. of observation 1 2 8 4 1 7 9 eee 
Initial tension 102 10-2 102 102 102 102 102 39 39 39 
Heat-production 1520 1510 1067 482 18390 1510 1620 1500 1580 1390 
Tension setup 6383 63°83 54 85°38 59° 617 62:9 523 49-7 48-4 
TY6H 565 56 66 98 357 34 50 46 48 40 


Exp. 3. Length, 2°85 m.: weight, 147 grm. 11 =8°98 x 10-* cal. Initial 
tension, 12°5 grms. wt. Variation of stimulus. — 
No. of observation 8 3 5 6 7 
Heat - production 467 520 743 432 786 916 834 
Tension set up 876 384 46˙%2 27˙5 466 512 48˙1 
06H 90 82 69 71 
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4. Length, 3-2 cm.: weight, 206 grm.: 1 8. d. 11°87 x cal. 


The experiment was an admirable one, and very concordant results were obtained. 
(a) Initial tension =8-7 grms. wt. 
Mean of 18 observations : 
Heat-produotion, 869 x cal. 
Tension set up, 25°5 grms. wt. 
TU6H 0°87, 
Initial tension = 23 grms. wt. 
Mean of 8 observations, TY6H=0-43, 


0 Initial tension - 60 grms, wt. 


Mean of 2 observations, T1/6H=0-18. 
Exp. 5. Length, 8-7 em.: weight, 241 grm.: 1 8. d. 15˙9 x 105 cal. 


No. of observation 1 2 3 4 5 6 

Initial tension 6˙1 6˙1 el: 04 38 88 

Heat-production 1180 795 460 1080 796 988 

Tension set up 472 885 25.7 106 147 
TY6H 58 7¹ 81 68 19: 


TaBLe IV. Semi-membranosus muscles. The ratio, in absolute units, 


between the potential 
a muscular contraction. 
Exp. 1. Single muscle: weight, 206 grm.: length, 2°75 om. : 1 s, d. =28°2 x 10-* cal. 
Initial tension, 7°6 grms. wt. 
Max. value of T//6H was 0:38: mean value of T1/6H was 0°27: minimum value, 0-21. 
Exp. 2. Pair of muscles: weight, 606 grm.: length, 3°0 om. 14.4. 215 10-* cal. 
Initial tension, 12 grms. wt. Max. value of 77/8 H found to be 0°45. 


Exe. 8. Pair of muscles: weight, 0540 grm. : length, 8°2 em.: 144 10 
Initial tension, 18 grms. wt. 


Heat produced 1420 x 10 cal. 
Tension set up 58°3 grms. wt. 
Max. value of T1/6H =0°52. 


Exe. 4. Pair of muscles: 1 s.d.=17-9 x 10 cal. 

Initial tension, 14 grms. wt. : 
’ 40 ” 99 „ = 
86 ” „„ „ 18. 

From these tables we may draw several conclusions. In the first 
place, looking at Table III, we find that in the sartorius, muscle 
the maximum value of 7/6 H tends to approximate to the value unity. 
In the experiments, in order in the table, the maximum values are 
1°01, 98, 90, 87, 81, the mean of which numbers is 91. Thus the 
maximum value of the “ efficiency” 17/6 H of the initial processes in 
the muscular contraction tends to reach 100°/,, the mean value of the 
maximum in five experiments being 91%. The maximum however i is 
observed only under certain definite conditions : | 
30—2 
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(a) the initial tension must be low . Table III the 
values of /. H observed with high initial tensions are far less than 
those observed with low initial tensions: | 

(b) the twitch must not be a very strong one, the values of 77/6H 
being definitely greater for weak contractions than for strong ones: 

(c) the muscle must be fresh. vag! 

At present I can see no explanation of either (a) or (), although 
the existence of both is obvious enough. For example, (a) in Exp. 1, 
the values of 77/6H observed with initial tensions of 7 and 10°5 grms. wt. 
are very much larger than the values observed with initial tensions 


29°2 and 30 grms. wt. The same effect is seen quite clearly in Exps. 2, 
4 and 5. Again (6) the maximum value of 7/6 H in Exp, 1 is seen in 


the contraction which gave the least heat- production of all: the same 
is true in Exps 2 and 5: and in Exp. 3, except for one observation 
(No. 4), it is again true. We see therefore that a very high efficiency, 
from 90 to 100%, can be obtained in the contractions of a fresh 
sartorius muscle if we observe two conditions, viz. (a) the initial tension 
must be low and (b) the twitch must be a comparatively weak. one. 


In strong contractions and under high initial tensions the efficiency — 


falls very considerably, 77/6H reaching the value 04 to 06. I have 


observed continually that fatigue, and even exercise never sufficient 


properly to cause fatigue, tend to lower the value of 7//6H very 


considerably. Fick’s observation that fatigue increases the efficiency 


is entirely erroneous, as has been pointed out above (p. 449). In long 
experiments I have always found the value of 7½¼ H to be highest 
in the first few contractions: afterwards it falls to a fairly constant 
value, given constant stimulus. and initial tension. This final value 
may be some 30°/, less than the initial one. The presence of 
a more acid medium bathing the fibre tends to lower the 
efficiency, = = 
In Table IV we find, curiously enough, a very much lower value of 
Tl/6H: the maximum values of 77/6 H observed are ‘38, °45, 52, and 
57 respectively in the four experiments given there. A mean 
maximum value of only 0°48 for the efficiency 1/6 H contrasts rather 
curiously with the high value 0-91 observed in Table III. This effect 


I have observed quite regularly throughout a long series of experiments, 


and any really satisfactory explanation of it I am quite unable to see. 
Why a semi-membranosus muscle should have an “ efficiency” of only 
50 ¼ When a sartorius has an “efficiency” of 100°/, is a very difficult 
question: but of the general accuracy of the observations I have little 
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doubt. Possibly it may somehow be due to the fact that the fibres 


in the semi-membranosus do not run so straight and regularly as they 
do in the sartorius, and that their tension is wasted in compressing and 
distorting the muscle instead of in pulling on the lever. Be the explana- 
tion of this however what it may, it seems obviously to be the case 
that in a muscle like the sartorius, in which the fibres run straight 


from end to end, the “efficiency” of the initial process of contraction, 


viz. T'l/6H, may be very high and approximate to the value unity. 


The phenomenon seems to me to mean something as follows. The 


whole of the energy liberated in the initial (as distinguished from the 
recovery) processes of contraction is “free energy,” i.e. energy which 
(unlike heat-energy) is completely transformable if desired into me- 
chanical potential energy or work. Under some conditions, eg. high initial 
tension or strong stimulus, it is already degraded into heat-energy 
by the time it appears as a product of muscular activity. In other 
cases, low initial tension, weak stimulus and fresh muscles, it appears in 
its entirety (or at any rate to about 90% ) as free potential energy, 
ready to be transformed into work under the influence of appropriate 
conditions of loading. In an isometric contraction nons of the “free 
energy” liberated in the muscle as mechanical potential energy is 
transformed actually into work: and in a few hundredths of a second, 
or longer at lower temperatures, it is degraded into heat, whether 
by some process of diffusion or neutralisation in the. muscle one cannot 
say. But the initial process in muscular contraction seems certainly to 
be one which is concerned chiefly, if not solely, with the delivery of 
free potential energy to the muscle: and the process of relaxation 
seems to be one in which, by some method of leakage, diffusion, 
neutralisation or other irreversible reaction, this potential energy, if 
unused to produce work, is allowed to degenerate into heat. Now, after 
relaxation is over, occur the “ recovery processes ” described in a recent 


paper’. It was shown there that in a muscle stimulated in oxygen 


there is a heat- production lasting for several minutes, and comparable 
in size with the heat production immediately following excitation. It 
is impossible definitely to ascertain how large this recovery heat- 
production is—the difficulties of observing such a very small quantity 
of heat produced over such a long period, are too great. But there is 


reason to assume that it is at ledst 80°/, as large as the heat liberated 


immediately after excitation, i. e. as the quantity observed in the above 
If we wish to consider the of the 
1 A. V. Hill. This Journal, xuvt. p. 62. 1918. : 
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muscular process we must take account of this recovery heat-production ; 
and to do this we should multiply the efficiencies of the muscle, as 
observed above, by 1/1°8, te. by 56. The maximum value, 91°/,, 
observed for the sartorius muscle would become therefore only 50°/,, 
and the other values correspondingly lower. Thus the maximum 
efficiency of the whole process in a frog’s muscle is some 50%, but in 
some muscles, and in all muscles under high initial tensions and strong 
stimuli, it becomes much less, say 25 to 30%. The muscle is a 
machine in which two processes go on: (a) potential energy, free energy’, 
is built up, by certain oxidative processes occurring within the fibre, 
and (b) this free energy may, under some conditions, be liberated 
in its entirety on excitation. If not then turned into work it will 
degenerate by some irreversible chemical or physical process into heat. 
The mechanism of potential energy liberation is not known, but 
seems to be concerned intimately with the production of lactic acid. 
The lactic acid precursor, I have already given evidence to show, 
is not glucose but something containing definitely more energy. It is 
_ presumably a body whose breakdown in the presence of certain 
membranes or surfaces in the muscle liberates a considerable quantity 
of free energy: and this store of free energy, combined with the 
precursor of lactic acid, is built up in the presence of oxygen by some 
as yet unknown process of oxidation within the muscle fibre. The 
muscle, like an accumulator, is charged with free energy by some 
oxidative process, and can be discharged with very high efficiency on the 
application of an electric excitation. 
Ik the results shown above for skeletal muscle Ales many 
be noticed: (a) since a high initial tension decreases the efficiency the practice of pre- 
venting as far as possible a high blood-pressure when the heart is weak has a further 
justification in that the efficiency of the heart will be less at a high than at a low blood- 
pressure; and (b) since the chemical change is less when shortening takes place before 
the tension is fully developed, in an ordinary heart beat (in which the tension develops 


heart did not-shorten at all. 


SUMMARY AND CONCLUSIONS. 


1. Several destructive criticisms, both experimental and theoretical, 
of Fick’s results on the mechanical efficiency of the muscular contrac- 
tion, have been put forward. These are : ‘ 

(a) He did not calibrate his thermo-electric apparatus directly, and 
results obtained by calculation alone are apt to be very considerably 
wrong. 

1 See A. V. Hill. This Journal, XIuv. p. 507. 1912. Appendix. 
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(6). A large part of the work done by the muscles in his experiments 
must have been due to the potential energy existing before excitation 
in virtue of the initial stretched condition of the muscles: possibly only 
one half of the work, in the case of heavily loaded muscles, was ever 
done at the expense of the mechanical energy developed in consequence 
of the excitation: and it was just in the case of heavily loaded muscles 
that he observed the highest efficiency. The fact that the “efficiency ” 


is greatest under a heavy load i is not a physiological fact, but simply 4 


mechanical one. 
(e) The work done in an isotonic contraction ents no ‘relation 


| whale: to, and is nothing like so large as, the ‘mechanical energy 


actually developed in a muscle twitch. The maximum work can be 


obtained only by a variable load, which at every length during the 


contraction is exactly equal to the maximum tension the muscle can 
exert at that length. It is this maximum work, or the potential energy 
developed, which alone it is important to compare with the heat set free. 

(d) Fick was unaware of the large development of heat in the 
recovery processes of muscles stimulated in oxygen: this heat obviously 
must be taken into account, in considering the efficiency of the whole 

2. It is shown that if a muscle be allowed to shorten before or 
during the development of tension in the twitch, the heat-production 
may be 20 to 30% smaller than it would have been had the muscle 
never been allowed to shorten at all. If however the muscle be allowed 
to shorten only when its tension has already reached its maximum value, 
then the heat-production is in no wise affected by the shortening. It is 
concluded : | 

(a) that the heat-production and the chemical processes of samba 
tion occur only during, and as the cause or effect of, the development of 
tension in the twitch: and that they depend upon the area of certain 
“chemically active surfaces” (Blix) in the fibre, which surfaces diminish 
as the fibre shortens—that the heat-production, and presumably the 


liberation of lactic acid, are surface and not volume effects: 


(6) that after the maximum tension has been developed the muscle 
is merely a new elastic body, whose tension energy may be used indiffer- 
ently for the accomplishment of work or the production of heat. 

3. The potential energy developed in a muscle, stimulated but not 
allowed to shorten, has been investigated. This potential energy, which 
is due to the new elastic condition of the fibre’, is found to be approxi- 
mately $71, where T is the maximum tension developed in the twitch 
and J is the length of the muscle. It is this quantity which should be 
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compared with the heat-production, in order to arrive at the iene 
mechanical efficiency of the .ouscle. 


4. A new method is described of calibrating, in absolute anite of 


heat and under experimental conditions, the thermo-eleotrie apparatus 
used for the investigation of the heat-production of isolated muscles. 


By passing a known alternating current through a muscle, after death, 
it is possible to liberate known quantities of heat in it, under the same 


conditions, on the same thermopile, and in the same position, as affected 
it during life: and by observing the deflection obtained it is thus 


possible to calculate the sensitivity of the apparatus in absolute units. 
It is shown that it is impossible to calibrate the apparatus once for 
all, because the sensitivity (whether in calories or in °C.) varies very 


widely between different experiments. It is necessary therefore to 


calibrate the apparatus in each experiment, and with each individual 
muscle used. 

5. The potential energy $71, n in a muscle twitch, ex- 
pressed in heat-units is 3 Il * 10 426 calories. This quantity has 
been compared with the heat H liberated in the initial (as distinguished 
from the recovery) processes of contraction. Expressing 77 in calories, 
the ratio 18/6 H in the sartorius muscle, under low initial tensions, and 
in comparatively weak contractions, approximates to the value 1, the 
mean maximum value in five experiments being 0°91. Under high 
initial tensions, and in strong contractions, of the sartorius muscle it is 


lower, being roughly from 0˙4 to 0°6.. In the semi-membranosus muscle 


the maximum value is much less, and of this phenomenon no plausible 


explanation can as yet be advanced. With regard to the high value 


of the ratio 71/6H in the sartorius muscle it is concluded: 

(a) that under certain conditions the initial process of e 
consists largely if not entirely of the liberation of free potential energy, 
manifested as tension energy in the excited muscle: 

() that this potential energy can be used indifferently for the 
accomplishment of work on the production of heat: 

(c) that, including the recovery processes, the efficiency of the 
whole muscular process may be almost as high as 50%: 

(d) that the muscular machine is one in which free energy, prospec- 
tive mechanical or potential energy, is stored in certain unstable chemical 
compounds, under the influence of preliminary chemical processes carried 
out in the presence of oxygen with the evolution of heat: and that 
after activity these unstable chemical compounds are rebuilt : 


(e) that the chemical body pees this free * is the. jet 
acid and 


3 
* 
. 
é 
iz 
. 1 
| 
1 
1 
8 
| 
if 
1 
1 
* 1 
* 
N. 4 
& 
* 
2 
N 
“a 
* 
& 
K. 
80 
4 
ve 
E. 
75 


— 


MECHANICAL EFFIOIENCY OF MUSCLE. 44669 


(f) that under some conditions, eg. high initial tension and strong 
excitation, more or less of the free energy may be degraded into heat 
before appearing as mechanical potential energy in the muscle. 

The expenses of this research have been very largely defrayed by a grant from the 
APPENDIX. 


For a discussion of the subject of Free Energy, as applied especially to physiological 
problems, the reader is referred to the Appendix of a previous paper (A. V. Hill. This 


Journal, Xxx. p. 507. 1912), or to an article which has appeared while the present paper 


was in the press (J. Baron and M. Pélanyi. Biochem. Ztschr. um. p. 1. 1913). The 
latter authors, assuming the truth of various hypotheses made by Nernst, find that the 
free energy of the oxidation of glucose at 37°C. is some 14% greater than the total 
energy of that oxidation: in other words this reaction can conceivably be made to give 
up not only 100 % of its energy as mechanical work, but actually to acquire some of the 
heat energy of the surroundings and turn this also into work. In the same way they 
show that the free energy developed in the oxidation of fat is 106 % of the total energy, 
and in the oxidation of protein 107 %. Whether Nernst’s assumptions and figures are 
exact or not it seems probable that the free energy of all foodstuffs is at any rate very 
high, that the plant stores free energy from the sunlight in a very concentrated form and 
is not primarily concerned at all with the storing of total energy. In nearly all living 
things the manifestations of life, movement, growth, electrical and osmotic phenomena 
require solely a supply of free energy: total energy, that is practically total heat-produc- 
tion, except in the case of the wasteful and highly differentiated warm-blooded animal, is 
only incidental. The bodies stored by plants under the influence of the free energy of the 
sunlight, and used by them and by animals for showing the phenomena of life, are capable 
if suitably employed of having absolutely all their energy turned into mechanical, electrical 
or osmotic energy, and are capable apparently even of taking up a certain amount of the heat 
energy of their surroundings and turning it into work. This being so it is not very 
astonishing that under some conditions the muscle can provide mechanical potential 
energy with an efficiency of 91°/, from a partial breakdown. The possibility of an 
efficiency of 114% is present in the existence of the reaction whereby glucose is oxidised 
to CO, and water: and in the living muscle the efficiency of the whole process (i.c. 
counting the recovery oxidative process) never seems to rise beyond 50°/,. The voluntary 
muscle therefore seems to have at the most an efficiency of only about one half of what is 
theoretically possible in the breakdown of the ordinary foodstuffs. Possibly other tissues, 
slow unstriped muscles, glands, the kidney, the electrical organs etc., in which the 
velocity of response is less, may have an efficiency in delivering up free energy more nearly — 
approximating to the theoretical maximum; in some organs efficiency may not be 


: sacrificed to quickness of response, for it is well known that the theoretically reversible, 


and therefore most efficient machine, is one in which the reaction proceeds almost 
infinitely slowly. The striped muscle has hitherto proved the best material on which to 
investigate the ‘‘efficiency,” i.e. the relation of free energy delivered to total energy, 
attained by living things. Other forms of free energy, osmotic and electrical, are however 


available for this comparison, as well as the mechanical energy provided by unstriped 


muscles: and results of the most intense interest may possibly be acquired by a study of 
the free energy delivered by living organs and organisms of all kinds, as well as by an 
investigation of the processes in which all this free energy is obtained by the green plant 
from: the sunlight. 
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THE EFFECT OF ALCOHOL ON THE EXCITATION, 
CONDUCTION AND RECOVERY PROCESSES IN 
NERVE. By KEITH LUCAS, Fellow and Lecturer 7 


Trinity College, Cambriige. 3 
(From the Physiological Laboratory, Cambridge.) 


THE earliest observations known to me in which an attempt was made 
to examine the effect of alcohol on different processes in nerve are those 
of Szpilman and Luchsinger'. They took up the well-known gas 
chamber experiment of Griinhagen*, which had originally been 
made with carbon dioxide, and repeated it with alcohol among other 
substances. The method used by Grünhagen had been to expose 
a part only of the nerve to the narcotic and to investigate the 
strength of stimulus required to cause a contraction of the muscle, 
when applied (a) to the part of nerve actually exposed to the narcotic, 
and (b) to a part of the nerve centrally of the narcotised region. 
Griinhagen had found that the stimulus applied directly to the 
narcotised part needed to be strengthened when carbon dioxide was 
used, whereas that applied to the normal part remained unchanged in 
spite of the fact that the impulse which it set up had to traverse the 
narcotised region. He concluded that the carbon dioxide affected 
excitability but not conductivity. Szpilman and Luchsinger con- 
firmed this experimental result for carbon dioxide, and showed that 
alcohol and other substances produced the same result. In addition 
they observed a later stage of the narcosis, in which no stimulus of any 
strength whatever applied to the normal part of the nerve would set up 
an impulse which could pass through the whole length of the narcotised 
region and make the muscle contract, while a stimulus of sufficient 
strength applied within the narcotised region would still cause con- 
traction. Though confirming Griinhagen’s observation they did not 
“ with the inference which he had drawn. They N that i in 


1 Arch. f. d. ges. Physiol. xxtv. p. 847. 1881. 
2 Ibid. v1. p. 180. 1872. a 
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their second stage of narcosis the failure of the outside stimulus was 
due to the fact that in the narcotised nerve the impulse fell off 
continuously as it passed along, and so failed to traverse the whole 
length of the gas chamber, though it was still able to pass successfully 
through the shorter length of narcotised nerve which it had to face 
when set up within the chamber. In the earlier stage they supposed 
that the narcotised nerve though already conducting less well than the 
fresh nerve was nevertheless so little impaired that the impulse from 
outside the chamber passed through without being extinguished. In 
the light of this explanation they found it unnecessary to suppose that 
excitability underwent a change which was not accompanied by some 
change of conductivity. The idea of complete dissociation between the 
two properties was however revived by Gad! as the result of Sawyer’s 
experiments. Sawyer had shown that when treated with very dilute 
alcohol vapour the nerve might pass through a stage in which outside 
the chamber it was less excitable than the normal, while within it was 
more excitable than the normal. In this Gad saw a rise of excitability . 
accompanying a fall of conductivity. To this Piotrowski* added the 
observation that the nerve within the chamber may be more excitable © 
than the normal at a time when the outside stimulus fails completely so 


that apparently conduction is suspended. He also could not — the 


conclusion drawn by Szpilman and Luchsinger. 
The first experiments to bring a clear light into the problem were 
those of Rajmist*. He studied at Werigo’s suggestion the effect of 


altering the length of nerve exposed to alcohol, and found that the 
greater the length of nerve narcotised the shorter was the time which 


sufficed to render the outside stimulus ineffective (i. e., to suspend 
conductivity in Grünhagen's interpretation). Also the greater the 
length of nerve the less was the fall of excitability within the chamber 
at the time when conduction from outside was suspended. The 


importance of these observations lay in their experimental proof of the 


suggestion made by Szpilman and Luchsinger, that the nervous 
impulse underwent a progressive diminution in its passage through the 


narcotised region. This, it is true, was not the view of the experiments 


taken by Werigo. He believed that the presence of a wave of 
excitation in any part of a nerve was capable of setting up a like 
r in any part of the nerve at a distance not greater than 5 mm. 


1 Arch. f. (Anat. u.) Physiol. p. 895. 1888. 
2 Ibid. p. 205. 1898. 
3 Arch. J. d. ges. 5. 1899. 
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and he supposed that Raj mist's results meant that oanduotion was 


always suspended when the alcohol had sufficiently affected the nerve 
to render a length of 5 mm. totally incapable of conduction. If the 
affected length was Jess than this, the propagated disturbance could so 
to speak jump the obstacle and start afresh beyond it. The difficulty 
of accepting this interpretation lay in the fact that with a gas-chamber — 
as short as 2 mm. a complete suspension of conduction could be obtained. 
Werigo explained this as being due to diffusion of alcohol along the 
nerve until the part affected actually reached the critical length of 
5mm. Fréhlich' confirmed Rajmist’s experiments, and showed in 
addition that Werigo’s interpretation could not be correct, since even 
with a chamber I mm. long there was a suspension of conduction at 
a time when experiment showed that the alcohol has produced no 
measurable alteration in the excitability of the nerve immediately 
outside the chamber. As the result then of Rajmist’s experiments with | 
the additional evidence afforded by those of Fröhlich we see that the 
effect of a given state of narcosis on the ability of nerve to conduct an 
impulse is continuously greater the greater the length of affected nerve 
along which the impulse has to travel. The only conclusion which can 
be drawn from this fact is that as the impulse passes along the narcotised 
nerve it becomes continuously more and more reduced. 

This experimental evidence for the impulse undergoing a continuous 
- decrement in the narcotised nerve gives good ground for accepting the 
explanation which Szpilman and Luchsinger originally gave of their 
second stage’ of narcosis. This explanation was revived by Boruttau 
and Fröhlich“ after they had made further experiments on the 
decrement by observations on the negative variation in nerve. There 
seems to be no reason for doubting its validity. 

What then is the explanation of the ‘first stage’ of Szpilman and 
Luchsinger, in which, as in Griinhagen’s original experiments, the 
inside stimulus has required to be strengthened, whereas the outside’ 
stimulus is still effective at its original strength? Are we to follow 
Grünhagen in supposing it to prove a change of excitability in the 
absence of any change of conductivity? Szpilman and Luchsinger 
supposed that in a normal nerve the impulse gathers force like an 
avalanche, and that though in this early stage of narcosis it was 
conducting less well, yet the alteration was only such as to reduce its 
natural increment and not to produce an actual decrement. Hence 


1 Ztsche. f. allg. Physiol. ul. p. 148. 
1904. 
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4 cubductivity was impaired, the impulse was not extinguished. 
The grounds on which the supposed increment was supported were 
Inadequate, and this explanation cannot be accepted. In our present 
terminology impaired conductivity means conduction with a decrement, — 
and if conduction is really impaired why does not the reduction in size 
of the impulse reaching the muscle show itself? Fröhlich“, as the 
result of his confirmation of Werigo's results, concluded that, since the 
longer the stretch of nerve narcotised the less was the fall of excitability 
observed when conduction failed, there must be some slight impairment 
of conductivity even in the earliest stages of narcosis. Later Boruttau 
and Fröhlich? returned to this question and stated that the decrement, 
though probably present to a slight degree even in the early stages of 
narcosis, became measurable only after the narcotic had acted for some 
time. But the problem is why, if such a decrement exists, does not 
the impulse get so cut down as to be less effective on the muscle than 
it was before the decrement existed. The answer to this question is 
given in some experiments recently published by Adrian“. He showed 
that an impulse after passing through a region of decrement. produced 
by alcohol and reaching a normal part of nerve increases in size until it 
is fully equal to one which has been set up in normal nerve and has 
undergone no reduction in its course. This observation tells us that if 
the impulse is not actually extinguished in the narcotised part of the 
nerve it will affect the muscle just as strongly as if the narcotic were 
absent. In fact the decrement must be sufficient to extinguish the 
impulse completely before we shall become aware that there is any 
decrement. at all. 

_ So far it appears that the idea of a continuous decrement within the 
narcotised nerve supplies for both the stages of narcosis observed by 
Szpilman and Luchsinger a possible explanation which renders the 
supposition of a separate effect upon the processes of excitation and 
conduction unnecessary. There remain however the observations of 
Gad, Sawyer and Piotrowski, according to which, conduction may be 
impaired or suspended in a stretch of narcotised nerve whose excitability 
is actually above the normal. This observation has not been confirmed 
by other workers, and amongst the numerous experiments which I have 
made myself I have never seen a case of the kind. It seems probable 
that the explanation of the results obtained by Sawyer and Piotrowski 


1 Ztschr. f. allg. Physiol. ut. p. 148. 1904. 
2 Ibid. rv. p. 158. 1904. 
2 This Journal, xiv. p. 389. 1912. 
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lies, as Werigo' has suggested, in the fact that they placed their 
‘inside’ stimulus very close to the lower wall of the gas-chamber, an 


arrangement which allowed spread of this stimulus to a part of the 


nerve which was only very slightly affected by the alcohol because it 
lay in reality just outside the chamber, It appears to me on these 
grounds that there is no valid evidence in these experiments for 


supposing conductivity to be affected in an opposite sense to the 


alteration of excitability. 

Up to this point we have reached the position that the 3 
evidence affords no proof of a separation of excitability and conductivity, 
but since as we have seen the method of measuring changes in 
conductivity is not a sensitive one, something further is required to 
prove whether such a separation exists. We must have a method by 
which we can actually measure whether a nervous impulse does or does 
not undergo a slight decrement in the course of conduction during the 
early stages of narcosis. 


The experiments of Raj mist and Fröhlich suggest one method by 


which this might conceivably be done. Since the decrement is shown 
to be cumulative, a very long stretch of narcotised nerve would 
extinguish an impulse even if the decrement were very small. This 
method is however scarcely possible in practice. Rajmist showed 
that even when the length of narcotised nerve was as great as 30 mm. 
the strength of current required to excite within the narcotised part 


had risen to 170% of its normal value before the decrement became 


sufficient to suspend conduction. A very great length would be needed 
if a really small decrement were to be detected. | 


A second possible method is suggested by some experiments which 


I made on the refractory period of nerve. In a previous paper I showed 


that, when two stimuli are applied to a motor nerve, the interval at 
which the second must follow the first, if it is to cause a second 
contraction of the muscle, depends not only on the time at which the 
nerve is sufficiently recovered to allow a second propagated disturbance 
to be set up, but also on the decrement which the second disturbance 
has to face on its way to the muscle Thus, if the myoneural junction 
is fatigued and conducting imperfectly, the interval between stimuli 
(applied to the nerve) necessary to produce a second response in the 
muscle is considerably greater than that required to produce a second 

loc. cit, footnote p. 585. 1 had come to the same conclusion before I saw Werigo’s 
* This Journal, XLII. p. 59. 1911. 
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propagated disturbance in the nerve itself. The meaning of this 


observation is apparently that the more closely the second propagated 
disturbance follows the first along the nerve the less completely does it 
find the nerve recovered, and consequently the smaller it is and the less 
able to encounter a region of decrement without extinction. 

We see then that the interval between stimuli necessary to 88 


_ second response in the muscle involves two distinct factors, the rate of 


recovery of the nerve itself, and the possible presence of a region of 
decrement between the point of stimulation and the muscle. The first 


of these factors determines at what time interval after a previous 


disturbance a second will have a given initial magnitude, the second 
determines what initial magnitude the second disturbance must have if 


it is to find its way to the muscle without extinction. It will be evident 


that if we can exclude or control any change in the first of these factors 


we can, by a determination of the interval for muscular summation, 


~ 4 
4 — 
~ 
~ 
— 
~~ 
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discover whether alcohol has caused any alteration of the second, namely 


the decrement undergone by the disturbance in its propagation along 
the nerve. Two possible methods suggest themselves for achieving this 
end. The first is to exclude any alteration of the rate of recovery of the 


nerve by measuring the interval for muscular summation at two points 


along a stretch of nerve subjected to alcohol. If we are careful to ensure 
that the alcohol is equally applied all along the stretch of nerve we may 


assume that any alteration in the rate of recovery of the nerve has been 


equal at the two points, and consequently any difference between the 
intervals for muscular summation at the two points tested will be due 
solely to a difference in the decrements between each point and the 
muscle. 

It is clear that if the part of the nerve CD in Fig. 1 is conducting 


with a decrement, the initial size of the disturbance capable of affecting 


the muscle will be greater at B than at A and therefore that the time 


interval required between two stimuli so that t. the second shall affect the 


muscle will be greater at B than at A. 
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The experiment may be represented diagrammatically by the 
method shown in Fig. 2. Suppose that the stretch of nerve OD is 
narcotised to such a degree that a disturbance whose magnitude may 
be represented by CH would fall off along the line HO and reach the 
end of the narcotised region with the minimal magnitude GD. Now if 
the disturbance is to be set up at B it need only have the initial 


magnitude BE, and if set up at A it need only have the initial 


magnitude AF. If then care has been taken to ensure that the alcohol 
has acted equally at 4 and at B, and the interval between stimuli 
necessary to cause a summated contraction in the muscle is found to be 
larger at B than at A, it follows that the nerve between B and A is 
conducting with a decrement. 

The essential difference between. this method ne Grtiuhagen’s 8 
lies in the fact that in Grünhagen's method the test of failure. of 
conductivity is whether a full-sized disturbance can get through the 
narcotised region without extinction, whereas in the present method the 
intensity of the disturbances used is so adjusted that propagation is 
only just possible; the slightest additional decrement will show itself 
as a need for the disturbance to have a greater initial magnitude. 
| The second method is to measure the rate of recovery as well as the 
interval for muscular summation in a narcotised stretch of nerve, and to 
see whether the alteration of the latter is greater than can be accounted 


for by the alteration of the former alone ; if so there must be an altered 


decrement in the narcotised nerve. 
A. The deieckion of @ decrement in nerve by maseuring the taterval 
for muscular summation at two points within the narcotised 
2225 


Fröhlich“ has shown that at an early stage of narcosis, before the 


‘ outside’ stimulus fails, the interval between stimuli (applied to the 
nerve) necessary to produce muscular summation is very largely increased. 
In his experiments the stimuli used to produce summation were applied 
outside the gas-chamber. I have verified this result, and find that it 
holds good whether the stimuli used to produce summation are applied 
within or without the narcotised region. For example (Exp. I) a 
sciatic-gastrocnemius preparation from a frog was set up in an air-tight 
ebonite chamber“ so arranged that 18 mm. of the nerve was exposed to 


2 Ztechr. f. allg. Physiol. Ul. p. 474. 1904. 
Of. this Journal, XIV. p. 95, Fig. 12. 1912: 
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alcohol vapour, while the remaining 10 mm. of the nerve at the end 
next to the vertebral column was in air. The alcohol vapour was 


obtained by aspirating air through 8 % alcohol in water at the rate of 


70 bubbles a minute. The interval for muscular summation was 
determined at a point approximately midway along the part of nerve 
exposed to the alcohol, and the threshold current-strength was deter- 
mined in the part of nerve not exposed to the alcohol. It was found 
that after the alcohol vapour had passed for 1 hour 20 minutes the 


interval for muscular summation had risen to twice the value which it 


had before the passage of alcohol vapour began, and at 1 hour 37 minutes 
had reached seven times its initial value, whereas the threshold current- 
strength outside the narcotising chamber did not rise above its initial 
value until 2 hours 2 minutes, when it showed the sudden rise usually 
observed in experiments of this kind. The problem is how far this early 
rise of the interval for muscular summation is due to the narcotised 
nerve conducting with a decrement, and how far it is due to the rate of 
recovery of the nerve becoming slower. 

To test this point I carried out experiments in which two pairs of 
platinum electrodes were arranged on the part of nerve exposed to the 
alcohol vapour, and the threshold current-strength and the interval for 
muscular summation were determined at regular intervals at both the 
electrodes. The narcotising chamber in which the nerve lay was an 
ebonite chamber 43mm. long and 42 sq. mm. in cross section. The 
nerve passed out of the chamber towards the muscle by a narrow slot 
which was made air-tight with vaseline. The alcohol vapour was 
obtained by aspirating air through an 8 % mixture of alcohol in water 
at the rate of 35c.c. per minute. The alcohol entered at the end of the 
chamber nearest to the muscle and left at the other end. The cathode 
of the stimulating electrodes nearest to the muscle lay at 7 mm. from 
the lower end of the chamber; the other cathode was at 22 mm. from 
the lower end of the chamber. The stimuli used were break induction 
shocks from calibrated coreless coils. The primary circuits were always 
opened, whether for the single shocks used for testing the threshold or 


for the successive shocks used for determining the interval for muscular 


summation, by means of the pendulum which I have described. The 

determinations of the interval for muscular summation were made by 

the method of Boycott. In all experiments the observations of 

excitability and of the interval for muscular summation were begun 

while the air was being aspirated through a wash-bottle containing water 

without any alcohol. This was continued until steady results were 
PH. XLVI. 31 
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obtained, which usually meant that the air alone was aspirated. until 
the preparation’ had been in the chamber for rather more than an hour. 
When the results were considered sufficiently steady the tube leading 
from the water-bottle was clamped and that leading from a similar 
bottle containing the 8°/, alcohol was opened. The change to alcohol 
vapour was thus effected without any alteration of the rate of aspiration. 
A Mariotte bottle was used for aspiration, and the rate of flow was 
frequently checked by the use of a simple stromuhr. 2 
In spite of these precautions it was extremely difficult to secure an 
even ‘action of the alcohol and a preparation in steady condition 
throughout the long time occupied during an experiment. Sometimes 
when the alcohol was applied the threshold changed under one electrode 
much more than under the other; sometimes the preparation developed 
inequalities in the interval for muscular summation at the two points 


before the alcohol was used ; sometimes while the observations ndée 
alcohol were in progress thei would be a sudden large change at one 
electrode or the other having obviously no relation to the progressive 
action of the alcohol’. Consequently out of seventeen experiments 
made with this technique I obtained only three in which the necessary — 
conditions were all fulfilled. Of these one showed the greater rise of 
the interval for muscular summation at the upper electrode to a slight 
degree only, and the other two showed it to a very marked degree. 
One of the latter (Exp. 2) is shown in Figs. 3 and 4. In Fig. 3 there 
are shown the current-strengths required for excitation at the two 

electrodes ; observations made at the lower electrode are plotted as dots, 


1 The irregularities probably arise from the nerve having a 
part than in another and consequently taking up the alcohol unevenly. | 
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those at the upper electrodes as circles, The current-strength required 
when the air was being aspirated is taken as 100, and the strengths 
required at various stages of the passage of alcohol are expressed as 
percentages of this. It will be observed that the changes at the two 
electrodes are very nearly alike, that at the lower electrode being 
slightly the greater. Fig. 4 shows the intervals for muscular summation 
at the two electrodes. Here the differences are striking. The interval 
for muscular summation rises sooner at the upper electrode (circles) 
and reaches a much higher value than that at the lower (dots) 

* Since the threshold is slightly more changed at the lower-electrode 
than at the upper we may suppose that the alcohol has not acted ‘more 
strongly at the upper electrode than at the lower, consequently the 


— 


* 7 * * * * ＋ * 7 * 18 7 
~ 


LAr — 
Time after setting wp (n 
Fig. 4. 

greater rise of the interval for muscular summation at the upper 

electrode means that the nerve is conducting with a decrement. 

There is however, even when the alcohol vapour method gives 

a result so regular as this, a serious criticism to be made against it. 
The current used in Exp. 2 was six times the strength of the threshold 
current when the nerve was in air. It is conceivable that it may have 
spread from the lower electrode (which was 7 mm. distant from the end 
of the chamber) to the nerve outside the chamber, while no such 
spread would take place from the upper electrode (which was 22 mm. 
from the end of the chamber). If this were the case, the difference 
between the intervals observed at the two electrodes might be due to 
the lower stimulus reaching a part of the nerve only slightly affected 
by alcohol which had perhaps diffused along the nerve. Accordingly 
31—2 
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‘I did not attempt any more experiments with alcohol vapour, but tried 
to find a method which would ensure equal action of the alcohol at all 
parts of the nerve, would keep the nerve in more steady condition, and 
would be free from the danger of current-spread. 

Such a method I found in the use of alcohol mixed with Ringer's 
solution. The preparation was set up in the ebonite trough shown in 
Fig. 5. The muscle lay in Ringer's solution in chamber A. The 
nerve passed by a slot 1 mm. wide and 3 mm. deep into the chamber B, 
and by similar slots into the chambers C and D. The slot between 
A and B was plugged with vaseline, the other two slots remained 
te A oe plate G was cemented sie over the chambers B, C = 


N 


D with vaseline. Ringer’s solution was allowed to flow in at the tube 
E and out at the tube F, so that it circulated through the chambers — 
B,C and D. Platinum coils were arranged on the sides of the chambers 
B, C and D and connected with terminals outside the trough. If 
a current was passed from the platinum in C to that in B the nerve was 
excited at the lower end of the slot between C and B, the cathode being 
the point where the density of current in the nerve suddenly decreased 
owing to the increase of the sectional area of the Ringer's solution 
surrounding it. In a similar way the nerve could be excited at the 
lower end of the slot between D and C. The method used here is 
essentially the same as that used for localising the excitation in the 
‘fluid electrodes’ which I have described elsewhere. There is no 
danger with this method of exciting elsewhere than close to the slot 


This drawing may be more easily understood by comparison with Fig. 16, which is 


a plan of a trough differing from that of Fig. 5 only in the number and the size of the 
chambers. 


— 2 This Journal, xxxvm. p. 114, 1908. See also Proc. Physiol. Soc. p. XXIII. 1913. . 
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until the current-strength is raised to such an extent that its density 
in the whole chamber becomes equal to that which it previously had in 
the slot itself, and even then excitation will occur within the chamber 
B or O and not in the part of nerve which has passed out into the 


chamber A. This point is illustrated by an experiment in which the 


nerve was rendered unable to propagate an impulse at various points by 
compression. I found that if the nerve was compressed at a point just 


- below its exit from the slot so that the intact part of the nerve still in 


functional connexion with the muscle began 2 mm. below the slot, the 
current required to excite was 13 times that required when a normal 
part of the nerve lay in the slot. If the intact part of the nerve began 
at 24 mm. from the slot the current required was 26 times the normal, 
and if it began at 3 mm. from the slot the current required was more 
than 32 times the normal; how much more I could not determine, since 
my. coil would not give currents stronger than this. In the experiments 
made with this trough the currents used for determining the interval 


for muscular summation did not exceed ten times the threshold, so the 


excitation would be localised within less than 2 mm. of the slot. With 
this method I proceeded as before, only instead of air or alcohol 
vapour I circulated Ringer’s solution or Ringer’s solution with 5°/, 
alcohol. The same general method was used, the Ringer's solution 
alone being circulated from a Mariotte bottle until steady values for the 


threshold current-strength and the interval for muscular summation 


were obtained, when by the movement of a clamp the Ringer’s solution 
was stopped and Ringer's solution with 5% alcohol was drawn from 
a similar Mariotte bottle at the same rate of flow. The two Mariotte 
bottles were alike, and were placed in close contact one with another 
shielded in a common cloth 8 so that they might not be at 
different temperatures. 

This method gave results of great regularity. Not only was it eagy 
to keep the readings constant when Ringer’s solution was being 
circulated, but when the Ringer’s solution with 5°/, alcohol was 
substituted the threshold current-strength and the interval for muscular 
summation rose in the course of an hour to steady values which they 


did not exceed during further passage of the alcohol; and even after 


the alcohol had acted for so long a time the replacement of Ringer's 


fluid brought the readings back near to and sometimes even below their 


original values. It seems probable that the regularity obtained with 
this method is due chiefly to the fact that all 8 8 of the nerve are 
exposed to alcohol of like — Pou | 
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Pigs 6 and 7 show the results of such an experiment (Exp. 3) 
plotted. In Fig. 6 the effect of alcohol on the threshold current 
strength at the two points of stimulation is shown, the observations at 
the lower point as dots, those at the upper as circles, In Fig. 7 the 
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Fig. 7. 

corresponding observations of the interval for muscular summation are 
given. It will be noticed that the threshold current-strength rises 
more rapidly at the lower electrode but reaches the same value as is 
eventually reached at the upper electrode; the difference in initial rate 
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‘of rise is probably due to the nerve being thinner and the alcohol 
penetrating more quickly in the lower part. When Ringer's solution 
is substituted, after the passage of alcohol for 44 minutes, the restora- 
tion of the original threshold value is com plete. The interval for 
muscular summation (Fig. 7) on the other hand rises to a very much 
greater height at the upper electrode than at the lower; that this 
effect is also due to the alcohol is shown by the complete restoration of 
the original values when the Ringer's solution is used again. Apparently 
the more rapid rise of the interval for muscular summation at the 
upper electrode begins at about 13 minutes after the alcohol has 
commenced to flow. At this time the threshold current-strength at 
‘the upper electrode has only just commenced to pass above its initial 
value, and is actually lower than that at the lower electrode. Con- 
sequently the alcohol has acted less, and any slowing of the rate of 
recovery of the nerve must be less at the upper electrode than at the 
lower at the time when the interval for muscular summation has 
become greater at the upper electrode. Another experiment of this 
type (Exp. 4) showed the divergence of the two curves for muscular 
summation at 17 minutes after the ‘commencement of the alcohol; 
in this experiment the interval for muscular summation at the lower 
electrode rose from 0031 sec. to a steady value at 0042; at the upper 
electrode it started at 0034 and rose to 0090; restoration to the 
original values was complete when the alcohol was replaced by Ringer's 
solution after passing for 57 minutes. The course of the curves of 
threshold current-strength was closely similar to that shown in Fig. 6, 
There was a like difference in the rates of rise at the two electrodes, and 
the ultimate values reached were very similar, 

It is clear then that by this method we can detect the presence 
of a decrement at an early stage in the action of alcohol. I have found 
however that the experiments made by the method of measuring 
simultaneously the interval for muscular summation and the rate of 
recovery of the nerve allow of an even more exact determination of the 
time at which the decrement i I shall therefore describe those 


experiments. 
B. P 
muscular summation and the rate of recovery of the nerve. 


In these experiments I wished first to discover whether the change 
in the interval for muscular summation produced by alcohol was 
accompanied by a slowing in the rate of recovery of the nerve. 
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Boruttau' has suggested that narcosis may prolong the refractory 
period of nerve, and Fröhlieh has interpreted his observation“ that 
the interval for muscular summation is prolonged during narcosis as 
_ implying a slowed rate of recovery of the nerve itself. Their work 
was done at a time when there was no reason for supposing an alteration 
in the interval for muscular summation to involve any factor other than 
the rate of recovery of the nerve; the possible part played by a 
decrement was not known. Though the experiments already described 
in this paper show that the increase of the interval for muscular 
summation produced by alcohol is in part at least due to an increased 
decrement in the nerve, there has been, as far as I am aware, no 
attempt yet made to determine by experiment whether the rate of 
recovery of the nerve is also changed by alcohol. 
There are two ways in which we may answer this question. Ques is 
to take advantage of the fact which I have shown in a previous paper‘, 
that when two stimuli are applied to a nerve at such an interval as 
to give a summated contraction, the summation caused by the second 
stimulus may be abolished if between it and the first there is inter- 
_ polated a stimulus which falls just outside the refractory period of the 
nerve. The refractory period of the nerve may be found by determining 
how early the interpolated stimulus may fall and still reduce the effect 
of the stimulus which is producing summation. The second method is 
suggested by some recent work of Adrian“ He has measured the 
interval for muscular summation with various strengths of second 
stimulus, and shown that if there is a region of decrement between the 
point of stimulation and the muscle, the curve has the form shown 
in Fig. 8, I. (Exp. 5). As the strength of the second current is 
increased, the time after the first at which it will cause muscular 
summation is reduced progressively along the curve A B; at this point 
the curve suddenly turns vertically upwards along B O; in other words 
no farther increase in the strength of the current will reduce the 
‘interval for muscular summation. If now a stimulus is interpolated 
between the first and one which is producing muscular summation it is 
found that the interpolated stimulus will prevent summation if it is not 
earlier than the broken curve B D in Fig. 8, II. This means that 
astimulus falling anywhere along B D is falling just outside the refractory 
1 Arch. f. d. ges. Physiol. uxxxtv. 809. 1901. 
® Atochr. . allg. Physiol. m. 474. 1904. 
3 Loe. cit. p. 478. 


This Journal, xuut. p. 70. 1911. 
Ibid., xuvr. p. 384. 1918. 
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period: of the nerve and setting up a second propagated disturbance in 
the nerve, but (as is obvious since it falls earlier than B 0 can itself 
cause no summation in the muscle. D is therefore the curve relating 
the strength of the second stimulus to the time at which it can just set 
up a second propagated disturbance in the nerve. It is important that 
D B is found to be continuous with the part A B of the curve for the 
muscular summation: interval; this means probably that A B is also 
the curve of the refractory period of the nerve, and that on this part of 
the curve the failure of a second stimulus to cause muscular summation 
is due simply to its failure to set up a second disturbance in the nerve. 
This interpretation: is verified experimentally by two methods which 
Adrian has used. The first is to show that no stimulus falling below 
the eurve A B will abolish by the method of interpolation the muscular 
summation produced by a later stimulus; the second is to show that 
the position of A B is altered only by a change effécted in the nerve 
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at the actual seat of the second stimulus, and not by any penne in the 
nerve between the seat of stimulation and the muscle. These two 
facts make it clear that the failure of a second stimulus falling below 
the curve A B to cause muscular summation is due simply to that 
stimulus setting up no second propagated disturbance in the nerve. In 
. fact the position of the curve A B is determined simply by the rate of 
recovery of the nerve, and not at all by the presence or absence of 
a decrement in conduction. If then under two different conditions we 
determine the position of any point along A B we discover wheter the 
rate of recovery of the nerve is altere. 

I shall deal first with this second method of experiment, in which 
the rate of recovery of the nerve is measured by determining a point 
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on the curve A B, that is by finding the interval for muscular 
summation with a second stimulus falling so late as to be well clear 
of the least interval for muscular summation enen by. the vertical 
line B C. 

Exp. 6 is an example of this type. It was carried out in a trolagh 
similar to that shown in Fig. 5, with the exception that there were 
only two chambers for the nerve instead of three, so that only one point 
of stimulation was available’. The length of the chambers was 18·5 mm. 
the propagated disturbance had therefore to pass through about 17 mm. 
of narcotised nerve on its way from the point of stimulation to the 
muscle. The experiment was conducted as follows. Ringer's solution 


was first allowed to flow until steady. results for the threshold current- _ 


strength were obtained. Then the curve relating strength of. stimulus 
to interval for muscular summation was ore 1 the result being 
that shown in Fig. 9. This 
curve shows that any second : | is 
stimulus of a strength less 
than 45 times the threshold 
for the resting nerve cannot 
excite the nerve until later 
than the least interval for 
muscular summation; the ear- 
liest time at which it will 
produce muscular summation 
will therefore depend solely 3 
on the rate of recovery of the . 
nerve. On the other hand a terval 
second stimulus whose strength — Fig. 9. ai 0 
is more than 4°5 times that of 
the threshold can excite the nerve a the 
interval for muscular summation, and consequently the earliest time at 
which. it will produce muscular summation will be affected by the 
decrement which the impulse undergoes on its way to the muscle, In 
this experiment the strengths of stimulus chosen for these two purposes 
were respectively twice. and eight times the threshold value for 
the resting nerve; their positions on the curve are own at A and B 
in Fig. 9. 

While the Ringer's fluid to flow were 


1 Fig. 16 shows a trough with two chambers for the nerve. — 
the chambers from that used in the present experiment. : 
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repeatedly of the threshold current-strength and the interval for 


muscular summation with both the strong and weak second stimulus. 
In deseribing the results. obtained I shall refer to the former interval as 
the ‘least interval for muscular summation, since no stronger stimulus 
could give muscular summation at a shorter interval; the other interval 
I shall call the ‘time of recovery’ of the nerve for the chosen strength 


of stimulus, since it involves no factor other than the strength of stimulus 


and the rate of recovery of the nerve. It is necessary to notice that 


whereas at the beginning of an experiment of this type we choose the 


second stimuli for determining these two intervals at certain definite 
multiples of the threshold for a single stimulus, when alcohol comes to 
be applied that threshold will change; when the change took place 
I was always careful to readjust the strength of the stimuli so that, for 
example, the stimulus used for determining the time of recovery of the 
nerve was always twice as strong as the threshold at the moment. This 
correction is an important one in the case of the time of recovery because 
the time of recovery changes very rapidly in this part of the curve with 
the strength of stimulus used: in the case of the least interval for 
muscular summation the correction is immaterial since the interval is 
independent, within wide limits, of the strength of stimulus; however 
I thought it better to make the correction in this case also. 2 
Fig. 10 shows the course of the experiment after the values for the 
various measurements had become steady under the passage of Ringer’s 
fluid. After the alcohol has begun to pass, the threshold current-strength _ 
(upper curve) shows a slight preliminary fall, then rises steadily to about 
170% of its original value; when the Ringer’s solution is restored, after 
the alcohol has passed for 50 minutes, the threshold current falls again 
but does not quite recover its original value. The least interval for 
muscular summation (lowest curve) is not affected by the alcohol for 
about fifteen minutes, then commences to rise and reaches 170°/, of its 
original value before the alcohol ceases; in the Ringer’s solution it 
recovers again and passes a little below its initial value. The time of 
recovery of the nerve (middle curve) appears to decline fairly steadily 
throughout the experiment without any marked alteration in corre- 
spondence with the passage of alcohol or Ringer’s solution, and lies at 
the end of the experiment considerably below its initial value. It 
seems to suffer a temporary rise at the point where its curve touches 
that of the least interval for muscular summation, but this is not really 
the case, as a consideration of the two curves will show; the fact that 
the two curves touch means that the least interval for muscular 
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summation has become so much prolonged under the influence of 
alcohol that even the weak second stimulus used to determine the 
‘time of recovery’ can set up a second disturbance earlier than the 
least interval for muscular summation, and consequently both the strong 
and weak stimuli are now measuring merely that interval; what has 
happened is that the vertical line of Fig. 9 has shifted so far to the 
right that it has reached and is passing the point A, and A no longer 
fulfils the conditions under which it was chosen to measure the time of 
recovery of the nerve, namely that it should be a stimulus so weak as 
to set up its disturbance later than the least interval for muscular 
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summation. This apparent rise of the time of recovery is therefore 
- illusory, and we have no reason to suppose that the time of recovery 
does not continue to decline steadily. | 
The result of this experiment is then that the passage of alcohol is 
accompanied by a large rise in the threshold current-strength and in the 
least interval for muscular summation, but that there is, at any rate 
during the early part of these changes, no increase of the time of recovery 
of the nerve. It follows that the earliest rise which we observe in the 
least interval for muscular summation is due entirely to the one factor, 


— - — 
5 
; 
2 
— ivd 
8 
a 
4, 
is 
— 
5 
* 
2 
2 
. f 
‘ 
= Recovery Time. 
— 
— 
4 
8 
4 2 Least ia 
5 iaterval 
8 ſor muscular 
sum mation. 
is Ringer. —— 
>> 
— 
— 
‘3 
2 
a 
— 
¥ 
AY 
oF * 
f 
“ig 
4 
— 
* 
. 0 


ACTION OF ALCOHOL ON NERVE. | 489 


increased decrement in the nerve, and not at all to the other possible 
factor, slowed recovery. The importance of this observation lies in the 
fact that, for the use of alcohol at any rate, it allows us to estimate 
precisely the moment at which the nerve begins to conduct with 
a slightly increased decrement. Thus in Fig. 10 we see that the 
alcohol begins to cause a decrement at 16 mins. after the commence- 
ment of its passage. If we turn to the curve of threshold current-strength 
we see that this begins to rise from its depressed value at about 
13 minutes after the alcohol is turned on. There is then apparently 
a slight lag in the rise of the interval for muscular summation, thongh 
it has commenced to rise before the threshold current-strength has 
exceeded its lowest value by 8 %, 

There are two points about the curves in Fig. 10 which need some 
consideration. First, why does the threshold current-strength show 
a preliminary fall. This fact has been observed by many experimenters, 
but Fröhlich! concluded as the result of his experiments that the 
effect, though sometimes present, was due not to the narcotic but to 


the mechanical stimulation of the nerve caused by its preparation. He 


used ether and nitrogen in his experiments and does not specifically 
mention alcohol, but from the numerous cases in which I experimented 
with alcohol vapour I can confirm his conclusion. In those experiments, 
as I have already stated, the nerve was always allowed to arrive at 
a steady state in air before the alcohol vapour passed, and with that 
precaution I hardly observed a trace of the preliminary increase of 
excitability. On the other hand in the experiments made with alcohol 
in Ringer's solution the preliminary fall was usually well marked, 
although the same precautions about reaching a steady state were used. 
This fact suggested to me what is the probable explanation of the 
phenomenon as it occurs in the present experiments. The stimulating 
current is distributed partly in the Ringer's solution surrounding the 
nerve, and partly in the fibres of the nerve itself. When Ringers 
solution with 5 % alcohol is used the conductivity of the solution round 
the nerve is of course decreased, and a greater proportion of the current 
must pass through the nerve; this will cause an apparent rise of 
excitability, which is in reality an increase of the effective exciting 
current. This would show itself only in the present method of experi- 


ment, where the sectional area of the solution surrounding the nerve in 


the constriction is mechanically fixed. In the case of a nerve in air 
en suddenly to alcohol vapour no such alteration would take 
I Ztschr. f. allg. Physiol. mm. p. 171. 1904. 
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place, for though the lymph or salt-solution surrounding the nerve - fibres 


would take up alcohol and so have its conductivity per unit of sectional 
area decreased, this would be accompanied by a proportional increase in 
the volume of fluid held between the fibres, and the actual conductivity of 
this fluid would be unchanged. It would seem then that we must regard 
the initial drop of the threshold current-strength curve as being due to 
an increase in the effective strength of the exciting current, and must 
consider the curve as starting anew from the fresh zero line. This 


means that the beginning of the true decrease of excitability is the | 


point at which the curve begins to rise from its lowered level, and not 
the point at which it passes the initial value which it had in the Ringer's 
fluid. 

The second point which needs consideration is the gradual shortening 
of the recovery time of the nerve. Fig. 10 shows that it begins before 
the passage of the alcohol. There was during this experiment a slight 
rise of temperature of the fluid surrounding the nerve. At the time 

when Fig. 10 begins the temperature was 100 C. When the alcohol 
ceased to flow it was 1037 C., and when the experiment ceased it was 
104°C. This change of temperature is hardly enough to account for 


the quickened rate of recovery, and we must suppose that there was 


a progressive change due to conditions not controlled. 
Five complete experiments were made by this method, and they al 


agreed in the essential features which have just been described. In 


every case the least interval for muscular summation was prolonged 
and the threshold current-strength was increased (after a preliminary 
fall) by the passage of the alcohol, and in every case the time of recovery 
was either unchanged or showed a slight fall during the time when the 
least interval for muscular summation was first rising. In the table 
below there are shown the data from these five experiments. This table 
shows that the rise of the interval for muscular summation is not 
accompanied by any increase in the recovery time of the nerve. 


Recovery time’ as percentage of its initial! 
value when interval for muscular 


Exp. summation had risen 20 %/ 
6 92 % 

9 99 

10 


By way of confirmation of this result two experiments were made in 
which the time of recovery was measured by the other of the two methods 
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which I have suggested above, that is to say by the use of the interpolated 
‘stimulus. Exp. 11 will serve to explain the details of this method. The 


preparation was set up as in Exp. 6, and tested until the threshold 


coutrent-strength was found to be steady. The whole curve relating the 


strength of a: second stimulus to the interval required for muscular 
summation was then mapped out, and in addition for one strength of 


stimulus the interval was found at which an interpolated stimulus 


would prevent the muscular summation produced by a stimulus falling 
later than the least interval for muscular summation. Fig. 11 is the 
curve obtained; it shows that the least interval for muscular summation 
is 0056 sec., and that an interpolated stimulus twelve times as strong 
as the threshold current will prevent the summation caused by a later 


stimulus if it does not fall earlier than ‘0032 sec. after the first stimulus. 


— of Current 


between stimuli 


Fig. 11. 


Adrian has pointed out! that if the interpolated stimulus falls on the same point on 
the nerve as its successor, and precedes the latter by only a short time, an apparent 
inhibition may be produced as the consequence of a local effect set up in the nerve by 
the interpolated stimulus. If this is allowed to take place the earliest time at which the 
interpolated stimulus will cause its inhibitory effect bears no necessary relation to the 
refractory period set up by the first stimulus. This false effect can however be avoided if 
the third stimulus is placed at a long interval after the interpolated stimulus. In the 
present experiment the third stimulus was placed at 0084 sec. after the first, and the 


interpolated stimulus was effective when it fell as early as -0032 sec, after the first, so that 


there was an interval of -0052 sec. between the interpolated stimulus and the third, an 
interval amply long to prevent the possibility of interference by the local effect. The 
shortest interval at which the interpolated stimulus can follow the first while still 
‘inhibiting’ the third is therefore a true measure of the time at which the nerve is just 


in the nerve. 
This Journal, ann. p. 408 1913. 
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When these data had been obtained, the Ringer's solution was still 
allowed to flow; and successive determinations were made of the threshold 
current-strength, of the least interval for muscular summation with 
a second stimulus of ten times the threshold current-strength, and of 


the earliest time at which an interpolated stimulus of twelve times the 


threshold current-strength would just inhibit a late third stimulus. In 
describjng the results obtained I shall speak of the latter time as the 
‘time of recovery of the nerve’ as I did in the earlier experiments. Of 
course in the present experiments this ‘time of recovery’ relates to 
a very strong stimulus, so that it will be a short time, in fact will be 
shorter than the least interval for muscular summation.. As in the 

earlier experiments, the stimuli were always adjusted as the — 
changed. 

Fig. 12 shows the results obtained after the various quantities 
measured had settled down to approximately steady values, The curves 
call for little comment since they resemble closely those obtained i in the 
other type of experiment. 


150}~ wal 
current-strengthreproduces 5 i 33 
the preliminary fall and * . 


curve of the least interval 
for muscular summation is ; 
falling slightly when the 
alcohol is applied, and 
continues to fall before its 
rise begins, it is therefore 
difficult to say precisely at 
what time the rise begins; 
the curve of recovery time 
is rising slightly when the 
alcohol is applied, and con- 
tinues to rise at first, but 
soon falls as it did in the. : 
other experiments. The me after sip 
second experiment (Exp. i 12, 

12) made by this method 

showed all the essential features of Exp. 11, the ‘time of recovery 
having fallen to 91% of its initial value at the time when the least 
interval for muscular summation had risen to 120 %. 


subsequent rise; as the | 
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Finally an experiment was made (Exp. 13) which combines the 
methods used in the two types of experiments just described. With 
the usual precautions of obtaining a steady state the curve relating 
current-strength to the interval for muscular summation and to the 


interval for inhibition by an interpolated stimulus was mapped out 


while the preparation was in Ringer’s solution. The curve obtained is 

reproduced in Fig. 13 A. Ringer's solution with 5% alcohol was then 

allowed to flow for 57 minutes, so that the preparation reached an 

approximately steady state under the action of the alcohol; the curve 

was then determined afresh while the alcohol continued to flow. The 
A C 


Strength of Current. 

Strength of Current. 


„001 002 » 008 
Interval between stimuli. 


result is shown in Fig. 13 B. It will be observed that while the least 
interval for muscular summation (vertical line) is prolonged from 
0024 sec. to 0046 sec., the curve which represents the time at which 
a second stimulus will set up a second propagated disturbance in the 
nerve is very little altered; the ‘time of recovery’ of the nerve for any 
strength of stimulus is in fact slightly shortened. After the alcohol had 


: passed for 1 hour 36 minutes it was replaced by Ringer's solution 


again, and when a steady state was once more reached (after a further 


1 hour 17 minutes), the curve was determined a third time with the 
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result shown in Fig, 13 C; the interval for muscular summation has 
been reduced again to a value slightly below that which it had before 
the alcohol. was applied. The curve of ‘time of recovery differs 
however very little from its former values; it is practically identical for 
the weaker stimuli with that observed under alcohol, and for the stronger 
stimuli the times of recovery are slightly longer. This experiment 
confirms the result already obtained, that the effect of 5°/, alcohol is to 
prolong the least interval for muscular summation while not altering, 
or even slightly shortening, the time of recovery of the nerve. The 
prolongation of the least interval for muscular summation is therefore 
wholly due to the alcohol causing the nerve to conduct with a decrement. 


C. The parallelism between changes of threshold current-strength 
and changes of conductivity. | 


Saws 5°/, alcohol does not slow the rate of recovery of nerve, we 
may determine by simultaneous measurements of the threshold current- 
strength and the least interval for muscular summation whether the 
threshold current-strength and the conductivity of the nerve change 
together. Exps. 6 to 10 give some preliminary data on this question. 
The table below shows the times, as nearly as they could be measured, 
which elapsed between the beginning of the passage of alcohol and the 
first rise of threshold current-strength and least interval for muscular 
summation. 


Time after first passage of alcohol 
at which threshold which least interval for 
6 18 mins. : 16 mins. 
7 4: „ 
8 18 „ 8 „ 
9 
10 


In Exps. 7 and 9 the two rise nearly simultaneously, in Exp. 6 
there is some lag in the rise of the interval for muscular summation, 
and in Exps.8 and 10 there is a considerable lag in the rise of the threshold. 
In the last mentioned experiments the least interval for muscular 
summation did not completely recover its initial value when the alcohol 
was replaced by Ringer's solution, so I would not lay much stress on 
the divergence which they show. The question is whether such a lag 
in the rise of the least interval for muscular summation as appears in 
Exp. 6, in which recovery was complete, is to be taken as evidence that 
the threshold is affected by the alcohol before conductivity is impaired. 
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It should be noticed that the difference observed here is one of three 
minutes only, and the observations of each quantity cannot be made at 
intervals of time less than two to four minutes in an experiment involving 
also observations on the rate of recovery. 

In order to get more evidence on this point I ‘made a series of 
experiments in which the least interval ſor muscular summation and 
the threshold current-strength were the only quantities observed. The 
trough used (Fig. 16) had an alcohol chamber 30 mm. long, whereas 
that used in the experiments just described was 18˙5 mm. long; the 
greater length of the narcotised nerve would make a small decrement 
easier to detect. The method was otherwise identical with that of the 
other experiments in which 5% alcohol in Ringer's solution was used. 
Before each experiment began the recovery curve was mapped out for 
the preparation in Ringer's solution (as in Fig. 9), so that the stimulus 


chosen for measuring the least interval for muscular summation might 


be of the correct strength to fall on the vertical part of the curve. The 
actual strengths of stimulus used were, for the first stimulus either 4 
or 5 times the threshold, and for the second either 6 or 8 times the 
threshold. Five experiments were made in this way. The complete 


curves of two (Exps. 14 and 15) are plotted in Figs. 14 and 15, and 


in the table below there are given the nearest measurements that could 
be made of the times at which the threshold current-strength and the 
least interval for muscular summation began to rise. 


ee at which least interval for 
Range of at which threshold muscular summation 
Exp. temperature began to rise | began to rise 
14 — 15°8 to 16:0° C. 34 mins. 3 mins. 
| 14°6 to 14°8 5h „ 
16 1868 to 16˙1 43 „ 
15°7 to 15°8 4 44 „ 
18 16˙2 to 16˙4 55 „ 4 „ 


It is noticeable that in these experiments both the threshold and 
the least interval for muscular summation began to rise sooner than 
they did in Exps. 6 to 10. In the latter experiments the temperature 
ranged from 38 to 10˙9 C., whereas in the present ones the range 
is from 14°6 to 16°4°C. The essential point is however the approximate 
coincidence of the rise of the two quantities. There is in the several 
experiments a little lag in the rise of oné quantity or the other, but 
there is clearly no difference on which it would be safe to found the 
statement that either the * or conductivity is affected earlier 
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than the other: It is perhaps surprising that the interval for muscular 
summation does not show a slight lag in its rise, because in all the five 
préparations used there was, as shown by the presence of a vertical part 


in the recovery curve, a slight decrement in conduction before the 
alcohol’ was applied. This decrement was not great, since the least 
interval for muscular summation was in no case greater than 0024 sec., 
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the decrément might be in the myoneural junction or in the part of the 
nerve to which the alcohol was not applied, but as long as the decrement 


in the part of nerve exposed to the alcohol was less than that elsewhere 
the determining factor in the least interval for muscular summation 
would be the latter decrement, since the propagated disturbance after 
passing through the narcotised part of the nerve would always recover, 
as Adrian has shown, when it passed out into the part of nerve in the 
Ringer's solution beyond. In these experiments therefore the first rise 
of the least interval for muscular summation means the presence of 
quite a considerable decrement in the narcotised part of the nerve. 
It is clear that we may dismiss the old view that alcohol calls for an 
increase in the threshold current-strength for a nerve before it causes 


- ‘a decrement in conduction. If there is any slight difference in the 
‘time of incidence of the two changes it would seem to lie more possibly 


on the side of conductivity being impaired first. But if such a difference 
does exist it lies within a range of a minute or so in the action of 


‘alcohol of such a strength as will produce its full effect only in the 


course of an hour, and with our present methods we could not hope 
to establish so minute a difference on grounds which would be secure 


enough to support any inference as to the relation between the processes 


of conduction and excitation. In fact the more precise the methods of 


experiment become, the more close does the parallelism of the 
phenomena appear to be. In the curves reproduced in this paper 


there is one fact pointing in this direction of which I have scarcely 
spoken, namely the similarity of form between the curve of rising or 
falling threshold and that of the least interval for muscular summation. 


_ Figs. 14 and 15 illustrate this point with great clearness, It is not 


only in their initial time of rise, but in their whole course and subsequent 
recovery that the curves progress together. | 

What is the significance of this parallelism between the two 
curves? The curve of least interval for muscular summation informs 
us of a single property, the decrement in conduction; we must however 
beware of regarding the threshold current-strength as a measure of 


a single different property the excitability of the nerve. The thres- 


hold current-strength is the least stimulus which causes the muscle 
to contract, that is which sets up in the nerve a propagated disturbance 
able to reach the muscle. If we accept the view that the intensity of 
the propagated disturbance is in resting nerve independent of the 
strength of the stimulus, it follows that this current is the least which 
is able to set up a propagated e in the nerve at all. Two 
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factors might therefore conceivably enter into the determination of the 
threshold, the least currrent which would set up a given intensity 


of local excitatory disturbance, and the magnitude of local excitatory 


disturbance necessary to initiate the propagated disturbance’. It must 
be clear that the second of these factors is essentially the same as that 
which is responsible for a decrement in conduction; the underlying 
process concerned is the setting up of the propagated disturbance, 
whether by the presence of the same disturbance in the neighbourhood 
er by the local excitatory change. What we have observed is that the 
threshold current-strength is affected by alcohol in the same way as 
the decrement in conduction is affected. The simplest explanation 


of this fact is to suppose that both changes are brought about by the 
one factor, impairment of the conduction process. It cannot be asserted 


that there is no change in the other factor, the excitation factor, 
concerned in the threshold; only there is no need to postulate —_ 
a change in order to explain the facts. 

, It is necessary to lay stress on the existence of this ‘conduction’ 
factor in the threshold current-strength because the old use of the 
threshold as a measure of ‘excitability’ might seem to carry the 
‘inference that by measuring the threshold we are examining simply 
an excitation process fundamentally different from the conduction 
process. It would seem indeed as if in the present experiments the 
measurement of the threshold were informing us only about the 
conduction process. The one definite conclusion which we can draw 
from these experiments is that the first measurable change produced 
in a nerve by the action of alcohol is an impairment of the conduction 
process of such a kind as to make the propagated disturbance ral 
a decrement in its passage along the nerve. 


We have seen that in the earliest stage of its action 5°/, alcohol 


makes a nerve conduct with a decrement, whereas the rate of recovery : 
of the nerve has been shown to be unaffected both at that time and 


when the alcohol has produced a much greater effect on conduction. 
This suggests that the action of alcohol on the recovery process may be 
profoundly different from its action on the conduction process, Such 


a difference would indicate if established, that the recovery process is 


ef. Proc. Roy. Soc. B. Lxxxv. p. 501. 1912. 
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not merely a pendular return of the disturbance concerned i in conduction 
the old soadition, That there is already s some slight evidence for such 
a view of the recovery process I have pointed out elsewhere’, 

If the difference is to be established the action of alcohol must 
be proved on the time relations of conduction. Piotrowski? showed 
that by the action of alcohol vapour the rate of conduction in nerve 
could be reduced from about 29 to 3 metres a second. We need to 
know whether the rate of conduction is materially diminished at 
a time during the action of alcohol at 2 888 the rate of recovery is not 
altered. 

The method adopted for measuring the rate of conduction in the 
nerve was one which has not been used before. It was suggested 
by some experiments made by Bram well and myself on the refractory 


period in nerve’, We measured the least interval for muscular 
summation first with two stimuli applied to the same point on a frog’s 
sciatic nerve, and then with the first stimulus applied at a point about 
15 mm. distant from that on which the second fell. In the second case 
the interval for muscular summation was the longer by a time approxi- 
mately equal to that taken in conduction between the two points of 


stimulation. For the present purpose I have modified the experiment 


slightly in order to avoid certain sources of error. The preparation was 
set up in the chamber shown in Fig. 16. The nerve passes through two 
constrictions A and B. A is made tight with vaseline, B is left open 
to allow the Ringer's solution or alcohol: to pass. There are four 
platinum spirals in the chamber, connected as shown to the wires 
ODEF. If the current passes from C to D it stimulates at the point 
te 1 Proc. Roy. Soc. B. uxxxv. p. 610. 1912. 


® Arch, f. (Anat. u.) Physiol. p. 255, 1898. 
This Journal, XIII. p. 495. 1911. 
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„ if it passes from E to F it stimulates 


at the point of exit from A. The experiment consists in determining 
the time at which a second stimulus will cause muscular summation 
first with two stimuli at A, then with the first stimulus at B and the 
second at A. By the first observation we measure simply the time of 


recovery of the nerve at A, by the second we measure the time of 


recovery at A plus the time of conduction from B to A. The difference 
between these two is the time of conduction from B to A. The — 


observation. 
Interval to give summated contraction 3 
Both stinvull at A 


Difference = 0010 see. = time of conduction B to 4. 
Distance B to 4=33 mm. 
Rate of conduction - 38 m. p. sec. 


Temperature 14-2° C. | 
The method is easy to carry out, but demands certain precautions 
if. accurate results are to be obtained. The first stimulus should be 
made of approximately the same strength at A as at B so that the 
distance of current-spread may be alike in the two observations; with 
the form of electrode used in these experiments the current-spread 
is small in any case if the current does not exceed thirty times the 
threshold, so that this precaution is not of great importance. A more 
essential point is that the second stimulus, which always falls at A, 
should be of the same strength whether the first stimulus falls at A or at B. 
If this is not the case the ‘recovery time’ will not be the same at A i in 
the two cases unless the second stimulus is made very strong. 
The need of this precaution showed itself in my first attempts at using the method ; 
when both stimuli were at 4 the secondaries of two coils were connected to E F, and when 


the first stimulus had to be at B one of these secondaries was removed to C D. The result 
was that when the first stimulus fell at B the second coil at E F was no longer shunted 


through the first, and consequently the second stimulus was much stronger than when the 


first stimulus fell at A. If weak stimuli were used this resulted in so great a shortening 
of the recovery time at A when the first stimulus fell at B, that it was even possible to get 
in extreme cases. an apparently negative conduction time. 

To secure equality of stimuli I kept the two secondaries aie 
connected to E F, and used a third coil for getting the first stimulus 
at B. The arrangement of the circuit is shown in Fig. 17 where 
CDEF are the platinum spirals in the chambers, S and P are the 
secondary and primary coils, and K, K, the keys of the pendulum. 
S,, is used for getting the ves stimulus at A; when this is required 
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the right hand way is plugged at a. Sin gives the first stimulus at B 
when the left hand way is plugged at b. S, always gives the second 
stimulus at A. A third precaution is that there must be two separate 
platinum coils (as at D and £ in Fig. 16) for leading the current into 
the central chamber. If the coils & and S,; are connected to a common 
platinum coil in the central chamber the coil S,, always stimulates at 
i A as well as at B owing to shunting of its current round S,,. In my 
* early attempts to use the method I neglected this precaution, and 
found the interval for muscular summation always the same whether 
8,, or Six was nominally in action. 
It should be noticed that in this method the chamber in which the 
muscle lies always contains Ringer's solution, and the alcohol is applied 
only to the part of the nerve above A. Consequently the second 
stimulus, which is used to measure the recovery time and occurs just 
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Fig. 17. 
below A, falls always on a part of the nerve in Ringer's solution. The 
decovery time at 4 therefore remains practically constant whether there 
is or is not alcohol round the upper part of the nerve. 

The technique was essentially that of the experiments already 
described. Determinations of the time of conduction were first: made 
with the whole nerve in Ringer's solution, and when steady résults 
were obtained the 5 0/, alcohol was allowed to flow. After some time 
the alcohol was replaced by Ringer's solution and the original conditions 

were restored. Exp. 19 is an example of the results obtained. The 
readings are set out in full below, so that the data from which the 
conduction times are obtained may be seen in each case. It will be 
noticed that for the first 36 minutes of the experiment (30 mins. to 
66 mins.) the recovery time with both stimuli at A varies only between 
00375 and 00385 sec., and during this time there has been a change 
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from Ringer's solution to alcohol and from aleohol to. Ringer's solution 
again. With the first stimulus at B the readings progress froin 0048 
to 0057 when the alcohol is applied, and drop back to 00455 when the 
Ringer’s solution is replaced. In Fig. 18 there are plotted the 
differences (last column of the e which gives the times’ 1 conduction 
from B to A, 


Err. 19 ‘Tine betting up ture Fit tin 
Binger 805 mins. 157°C. 4 00875 sec, 
82 0048 „00108 see. 
55 33 900875 | 5 
343 0048 00106 
Alcohol 5% 35 15˙8 | 
” 38 B 0048 00105 
55 40 15°9 B 0049 0011 
” 414 A 00385 
” 424 B 00495 0011 
” 44 00385 
46 16˙0 00805 0012 
55 4 00385 
” 50 B 0051 0013 
51 A -00875 
58 16-0 B 0058 00158 
55 4 00375 
55 57 B 0056 0018 
Ringer 60 16˙0 : | 
62 A 00875 
rt: 63°5 B 0057 0019 
„ „„ 4 00885 
665 166 B 00585 -0016 
” 69 A 00386 | 
” mf 0049 0014 
55 72˙5 00345 
77 16-0 00458 0011 
55 79 4 00345 
99 81°5 00455 00115 
55 83 4 00335 


Four experiments were made by this method. In three of these 
(including Exp. 19 plotted in Fig. 18) the restoration in Ringer's 
solution was studied in addition to the effect of alcohol. In one 
(Exp. 21) only the effect of alcohol was followed. It is not possible 
with every preparation to continue the experiment after the alcohol has 
increased the conduction time by more than about 25 5 1 because in 
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some cases the single twitch obtained by stimulation at B then becomes 
less than that obtained by stimulation at A owing to a few fibres 
failing to conduct; when this occurs it is a matter of some difficulty to 
determine the interval for muscular summation with accuracy. The 
four experiments made followed the increase of conduction time until 
it reached for Exp. 19, 185%; Exp. 20, 139%; Exp. 21, 125% 
and Exp. 22, 178°/,. The table below gives the significant data from 
these experiments. In every case the Te of nerve n was 
between 30 and 33 mm. N 


P increase of 


Initial value of Time of time after 

Exp. no. Range of temperature conduction time first rise 12 mins. alcohol 
19 15°6 to 16°0° C. ‘00105 seo. 4 mins. 17 % 
20 144 (0 146 00095 6 50 
11 144 (0 14% 00096 53 
22 135 ˙4 to 0012 8 2 


Time of conducuon B to A 


Time after, setting bag 
It is important to notice that the slowed conduction appears at 

about the same time as the decrement; this can be seen by comparison 


with Exps. 14 to 18 (see Table, p. 495) in which the decrement was 
‘followed in the same chamber and at approximately the same temper- 


ature. _We know already.from Exps. 6 to 13 that the recovery time of 
the nerve is unaltered by alcohol even at a time when the decrement 
has become quite large; for example in Figs. 10 and 12 the recovery is 
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not slowed at a time when the least interval for muscular summation 
has inereased to 140°/, of its original value, and in Fig. 13, which 
represents a more prolonged action of alcohol, the: least interval for 
muscular summation has increased to 190%, and still the rate of 
recovery is unaltered. The conclusion which I draw from these 
experiments is that 5°/, alcohol, though it does not affect the rate of 
recovery of a nerve even after prolonged action, reduces the rate of 


conduction in the earliest stages, in fact as soon as it ig 88 to — 
ee nerve — with a decrement. 


‘Summary. AND 


Tt. has been inferred from Griinhagen’s gas-chamber 
that the current required to excite a nerve exposed to a narcotic needs 
to be increased before the narcotic has impaired the ‘conductivity’ of 
the nerve, Fréhlich and Boruttau have shown reason for supposing 
that the nerve probably begins to conduct with a decrement at an early 
stage of narcosis in which Griinhagen’s method gives no evidence of 
impaired conductivity. 
Two methods are used in this paper to detect the presence of a 
decrement in a nerve exposed to alcohol. Both involve the fact that 
the least time interval at which two stimuli applied to a nerve will 
cause a summated muscular contraction depends not only on the rate 
of recovery (refractory period) of the nerve but also on the decrement 
undergone by the nervous impulse on its way to the muscle. 

By these methods it is shown that the presence of a decrement i in 
the nerve can be detected as soon as the action of the alcohol has gone 
far enough to cause an increase in the threshold current-strength. 
Thus no measurable effect on the e of the nerve precedes the 
impairment of conduction. 

Throughout the action of 5% 3 on a nerve the impairment of 
conduction and the increase of threshold current-strength follow 
a parallel course. It appears probable that the need for an increase 
of current-strength and the decrement in conduction arise from 
a common cause, an e difficulty in asic: up the propagated 
disturbance, 
_ Ata stage of its action at which aleohol has made a nerve cond uct 
with a large decrement, the time of recovery (refractory period) of the 
nerve is not prolonged. The increase produced by alcohol in the least 
interval at which two stimuli applied to a nerve will cause muscular 
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summation is due not to a prolonged refractory period of the nerve, but 


to the nerve conducting with a decrement. 


The rate of conduction in a nerve is much seal by alcohol at 
a stage at which the rate of recovery is not slowed, This suggests that 
the recovery process which is responsible for the refractory period is 
a process different from the disturbance which 1 is the basis of propagation - 


of the nervous impulse. 


A new method is used for measuring the rate of conduction in nerve. 
It depends on the fact that if a stimulus is applied first directly to 
a point A on a nerve, and then to a point B on the nerve distant from 
A, the recovery process at A will in the second case take place at 


a time after the application of the stimulus greater by the time taken 


in conduction from B to A. 

The experiments are made on nerves completely submerged in 
Ringer's solution which is exchanged for 5°/, alcohol in the same 
solution. After being exposed to 5°/, alcohol in this way for an hour 
@ nerve may completely recover its initial properties on substitution of 
Ringer’s fluid. Special methods ¢ are adopted for localising the stimuli 
applied to the nerves, — 


The expenses of this research were aur in prt by e grant rom the Government 
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AN APPARATUS FOR PERFUSING THE MAMMALIAN 
| HEART. By J. A. GUNN. . 


Cron the Pharmacological Laboratory, Onford.) 


Tur described by Brodie and Cullis* for the 
mammalian heart, though ingeniously devised and for some purposes 
quite effective, possesses certain disadvantages which are well known to 
those who have had any considerable experience of its use. Thus it is 
somewhat eumbrous, easily broken, and parts of it when broken are not 
easily replaced. The following two defects are, however, more serious. 
In the first place the amount of Ringer’s solution required to fill the 
central tube is too large, so that not only does it take some time for it 
to be displaced by the experimental solution but also the latter is to 
some extent diluted when it first reaches the heart, and therefore the 
effect of a desired concentration is gradually and not immediately 
obtained. Moreover the larger the volume of the solution in the inner 
tube, the longer does it take (other things being equal) to assume the 
temperature of the outer jacket. In the second place, when one 
desires to record the contractions of both auricle and ventricle with this 
apparatus, the central tube must be pulled down until a considerable 
length of it protrudes beyond the outer (heating) jacket, whereupon it 
is very difficult to maintain the fluid which enters the heart at a constant 
and sufficient temperature. 

I have tried various devices with a view to eliminating these defects 
and obtaining a simpler and cheaper apparatus for perfusing the 
mammalian heart, and the apparatus to be described, which has been 
in frequent use for many months, fulfils satisfactorily the desired 
requirements, It is based upon the same principle of construction as 
that of the apparatus of Brodie and Cullis. 

A Liebig’s condenser (a) is used as the outer heating jacket. 
One end of it is cut off at a distance of half an inch from the proximal 
tubule (b). A cork (o) half an inch in depth is selected to fit the cut 
end of the condenser. A thermometer (d)—registering eg. from 0° 
to 50°C.—is obtained, and a piece of thin glass tubing (e), inside of 
? Brodie and Cullis. This Journal, XxxVII. p. 887. 1908. 
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MAMMALIAN HEART APPARATUS. 507 | 


which the thermometer will fit loosely, is cut one inch age than we 


thermometer. The centre of the cork 

is then bored to fit tightly the glass 
3 A glass cannula of the 
shape figured (7) is drawn of con- 
venient width for the aorta and fitted 
with a collar of rubber tubing (9) so 
that it fits tightly the inside of the 
glass tubing (e). The vertical limb of a 
narrow- bored Y tube (h) is similarly — 
fitted to the other end of the glass 
tubing. 
In setting up the apparatus the W 
glass tubing (e) is inserted into — 
hole in the cork ; the cork is paraffined : —. 
and fitted into the cut end of the 1 E 
condenser. The thermometer is placed EA * 
in the glass tube, the collared cannula 4 1 
fitted into the lower end of the latter 3 | : 
and the collared Y tube into its upper 
end. One free limb of the Y tube is 
connected with a reservoir containing 
Ringer's solution, the other with one 
containing the experimental solution. 
The solution to be perfused passes ee 
through the glass tube and is distri- Fig. 1. 
buted in a thin layer round the Ee 
thermometer so that it rapidly takes the 8 of chan 8 
jacket. The heuting is done in the usual way, the simplest method 
being an intervening coil of lead pipe in a water bath connected by 
rubber tubing with a tap and with the lower tubule (6). 
Tbe following points in regard to the use of the apparatus may be 
mentioned. To prevent its occluding the cannula, the thermometer (d) 
must be supported, the method used depending upon its shape. The 
temperature of the water passing through the heating jacket can con- 
veniently be taken by a thermometer passed through the open upper 
end of the condenser and standing on the cork. 

From the same width of glass tubing from which the Santis (f) 
was made, several cannule can be drawn with necks of different sizes to 


suit any size of heart (e. g. of rat or cat). The same collar of rubber 


tubing will then suffice to fit any one of them. 
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In the apparatus I use the amount of Ringer's solution from the 
upper end of the Y tube to the lower end of the cannula is about 5c.c. 
so that the experimental solution, when turned on, almost immediately 
displaces the Ringer’s solution, and the temperature of the perfusion 
solution follows very: quickly the temperature of the outer jacket. 
Moreover, only so much of the perfusing solution as will fill the little 
cannula (J) is nut surrounded by the heating jacket. In my apparatus 
this holds about 0°5.c.c. so that the solution has very little time to cool 
before reaching the heart. The outside of the heart is kept warm by 
the fluid emerging from the pulmonary artery and will beat regularly 
for many hours exposed to the air. | 

The heart when cut out is immediately placed in a porcelain capsule 
containing Ringer's fluid and massaged gently to expel most of the 
blood from its vessels and chambers. It is then rapidly transferred into 
a second capsule also containing Ringer's solution, and the aorta and 
pulmonary artery are then cut at convenient points and separated from 
one another. It is not necessary to use warm Ringer’s solution in the 
capsules, When the excised heart is put straightway into cold Ringer's 
solution it beats slower or may stop beating and a careful dissection 
is thereby more easily made. It beats again almost immediately when 
perfused with the warm solution and I am inclined to think that, when 
treated in this way, it more quickly establishes a regular beat. Indeed 
the excised heart (even when taken after other experimental procedures) 
can remain in Ringer's solution at room temperature for several hours 
and still be used for a perfusion experiment. 

The quickest and easiest method of tying the cannula in the aorta 
is to leave the cannula (/) in position, and to lift the heart by a fine 
forceps gripping the aorta transversely about 2mm. from its cut end. 
The aorta can then readily be slipped over the cannula and tied on 
without any air entering the coronary vessels. 

When the heart for any reason fails to beat well it is usually 
sufficient, in order to start the beat, to perfuse through it a small 
amount of a dilute solution of adrenin, if the use of this will not inter- 
fere with the experiment. The adrenin solution can then immediately 
be replaced by Ringer's solution with the maintenance of good ome 
regular contractions. 

Using this apparatus I find that there is no 3 oe in 
the mammalian, than the heart, 
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| PHYSIOLOGICAL socrEry, 
February 16, 1913 


Controls for the Folin method of estimating creatinin. 


By W. H. Tompson. (From the Physiological Laboratory, Trinity 
College, Dublin.) 


The control against which the Folin standard solution (semi-normal 
potassium bichromate) is usually tested, is a solution of creatinin made 
by the conversion of creatin, by boiling with normal hydrochloric acid 
on the water bath for 3—4 hours, it being assumed that the trans- 
formation is quantitative and complete in the time. The assumption 
is probably incorrect, at least in the writer's hands the transformation 
was found to be variable and seldom. 

Hence other controls were sought for. Several attempts were made 
to prepare pure creatinin by the autoclave method of Folin, but without 
satisfactory results. During recrystallisation part of the creatinin became 
hydrolysed back to creatin. 

The picrate of creatinin (C. H, N, O. C, H, N, O,) was then prepared 
from material, made from creatin by the autoclave method. After 
being purified by boiling with animal charcoal and several times 
recrystallised, its melting point was found to be 205°C. Four ob- 
servations on this point were made on two pure preparations, and all 
gave precisely the same temperature. In the literature the melting 
point is stated to be 212—213 C. but this I am convinced is an error. 

Of the pure substance 0757 grm. (= 025 grm. creatinin) was 
dissolved in water, made up to 50 C. and 10 c.c. portions taken. These 

4 were treated with 14 c. c. picric acid solution (1°2 °/,), 5 C. c. NaOH (10°/,), 
5 stood for 7 mins. and diluted to 250 c.c. Readings were made against 
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3 PROCEEDINGS OF THE PHYSIOLOGICAL 


an 8 mm. column of a semi-normal solution of pure potassium bichro- 


mate (Kablbaum) of which the Nene are samples: 


Standard 

00 0 6% ‘itself 
79 
8˙1 8-05 8-0 
7˙9 
7˙9 8-05 
be | 


Mean 8.15 | Mean 8-1 Mean =7-97 (vel. 


Other readings gave similar results. It will be at once seen that 


they are very satisfactory and correspond to the Folin value. 
It was also found that equally good results could be obtained by 


taking much smaller quantities, viz. 4 Cc. of the picrate solution for 


dilution to 100 C. and even with 1 cc. (measured with an Ostwald 
pipette) for dilution to 25 0.0. 
The double picrate of creatinin and potassium (C,H,N,0. CH, N. O, 
C. H, N, O, K) was also precipitated from urine and purified in the above 
way. Of this an equivalent quantity 135 grm. (= 025 grm. creatinin) 
was dissol ved in water, made up to 50 cc. (almost a saturated solution), 
and portions treated in the same way. The following are * 19 


the readings obtained: 
Standard 
(1) (3) itself. 
805 8-0 795 
81 8-0 8-1 
8-2 8-0 gos 
8˙2 8˙1 
8˙1 815 $1 79 
8-1 
8-1 


These readings are also very satisfactory and as this salt can be 


i obtained without delay in any desired quantity, a control can always 
be readily prepared. Both salts have a further advantage in being 


light and bulky, thus facilitating accuracy in weighing. More than 


three times the weight of creatinin is required if the picrate, and more 


than five times, if the double picrate is used. 

Both salts are very sensitive to the amount of alkali used. Tbe 
quantity stated above gave the best results and corresponds to that 
recommended by Folin. 


7 2 = — 


* 
. 
; > ‘ 2 
2 
agi 
Gee 
A 
0 
g 
lie 
23 is 
j 
. 
> Rd 
282 
a) 
‘db 
‘ 
— 
& 
A 
ay 
* 
* 
es 
* 


¥ 
> 
— 


SOCIETY, FEB. 15, 1913. | iii 


of preparing thrombokinase from sbrin, 
H. L. F. BusweE 1. 


The following method was adopted. Sheep's fibrin was washed in 
running tap-water until the water contained no hemoglobin colouration. 
The fibrin was then rinsed in distilled water, and afterwards kneaded 
in distilled water for a quarter of an hour (circa 20 gms. of wet fibrin 
in 300 c.c. of distilled water). The solution obtained was then filtered 
and the following tests applied to the filtrate (A): | 


(1) 8 parts A +1 part 3j K oxalate = A’, | | 
I part A +1 part oxalated blood—no coagulation i in 60 mins. 
No thrombin present in A. 7 
(2) 1 part A +1 part freshly shed blood—coagulation i in 35 secs. 
‘. Thrombokinase present in A. 
3 parts A + 1 part — Ca Cl, incubated together for 101 mins. 
4 parts B+ 2 parts 15 K oxalate -B- 
1 B +1 part oxalated blood—no in 60 mins. 
No prothrombin present in A. 


The above experiments were conducted at room temperature The 
blood used was drawn from the finger. 
Precisely the same results were obtained from a distilled water 


extract of washed sheep’s fibrin that had been extracted for 14 hours in 


the distilled water. Thus distilled water in contradistinction to strong 


saline (Gamgee) is unable to extract thrombin from fibrin, although it 


extracts a very active preparation of thrombokinase. 

By the above methods thrombokinase in large amounts can be 
easily obtained and its characteristics compared with those of 1 
extracts of various 
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The effect of carbonic acid on the dissociation curve of 


blood. By J. Barcrorr and E. P. Pobrrox. 


J. S. Haldane, J. B. S. Haldane and Douglas have published a 
series of dissociation curves of CO hemoglobin in the presence of various 
pressures of carbonic acid. Concerning these curves they say that if 
any two curves be taken and if the ratio of the CO pressures on the two 
curves be determined at any given percentage saturation of CO the 
ratio will be the same for all other saturations of CO. The curves for 
oxyhzemoglobin published by Bohr, Hasselbalch and Krogh have not 
this property. We determined therefore to test the matter for oxy- 
haemoglobin. 

The point is an important one theoretically and practically. 
Theoretically because if the curves be calculated by Hill’s formula, 


160 
the property to which attention has been called means that n is constant 
throughout the whole series of curves ; such a constancy adds greatly to 
the probability of the formula being correct; practically, because if n be 
known for any one curve of the series any other curve can be calculated 


if one point on it is accurately known. The curves given in Fig. 1 


were obtained as follows: n was determined by obtaining over twenty 
points on the dissociation curve of Barcroft’s blood at 40 mm. CO, 
pressure; it is between 2°45 and 2°55 and has been taken as 2°5 and 
K = 6000292. Points were determined on the blood of the same 
person at three other carbonic acid pressures very different from one 


another namely 3 mm., 20 mm. and 90 mm. These points are shown in 
Fig. 2 together with curves for which n=2'5 in each case and K 00130, 


‘000505 and ‘000135 respectively. The points determined will be seen 


to correspond very closely to the curves. One point for zero CO,. 


pressure, has been determined as the result of the following determina- 
tions: O, pressure = 17 mm., percentage saturation = 79, 77, 76, 75, 77, 
mean 755. This yields a value for K of 00258. The curve corre- 
sponding to this is also shown in Fig. 1, we therefore get the following 
series relating the CO, pressure to K. 

CO, pressure in mm. 0 3 20 40 90 

K (n=2'5) 00258 00 000806 000292 000185 
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The artificial production of corpora lutea and their relation 
to the mammary glands. By Cuas. H. O’DonocHvuE. 


It is generally known that ovulation with the consequent formation 
of corpora lutea in the rabbit does not occur spontaneously at each 
estrus as in many mammals but needs the additional stimulus of 
copulation to effect it. Ancel and Bouin’ called attention to the fact 
that if the rupture of the follicles be produced artificially, either by 

- copulation with a male whose vasa deferentia had been double ligatured 
for some months or by mechanical means, it was followed by the forma- 
tion of corpora lutea and also by a growth of the mgmmary glands. 

Rabbits were taken on the third or fourth day of “heat” and the 
ripe follicles in their ovaries were burst mechanically. They were 
allowed to heal up and killed and examined at varying periods after 
the operation. The results in the main confirm those of Ancel and 
Bouin. It was found, however, that the rupture of the follicles was not 
invariably followed by the formation of corpora lutea but this fact 
provided a valuable piece of negative evidence. -The results were as 
follows : 

1. Ifthe rupture of the follicles was followed by the formation of 
corpora lutea there was also a growth of the mammary glands. The 
amount of growth in fourteen or fifteen days was about equal to that 
in the normal, pregnant female of twelve days. 

2. On the other hand if the follicular rupture was not succeeded 
by the formation of corpora lutea then there was no growth of the 
mammary glands although the operation performed had been precisely 
the same in the two cases. 

Similar experiments are still being carried out. 


1 Compt. Rend. de la Soc. de Biol. 1909. 
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The effects of frequency ot excitation upon the relation 
between mechanical and thermal response in muscle. By 
A. V. Hitt. 


Since the heat-production in a tetanised muscle must be due to 
discrete’ chemical reactions going on with the same frequency as the 
exciting current (provided this frequency is not so great that some 
shocks continually fall inside the refractory period), one might expect 
that in a contraction of given strength the heat-production would 
depend in some degree upon the frequency of the exciting alternating 
current. This however is not the case: as the following experiments 
show, the ratio H/T in a contraction of given duration is absolutely 
independent within wide limits of the frequency of excitation. [H is 
the heat-production during, as opposed to after, the contraction: T is 
the tension set up when the muscle is stimulated but not allowed to 
contract.] By means of an A.C. motor, and a revolving commutator 
with various sized pulleys, a direct current of known strength has been 
turned into an alternating current of variable frequency, and so used to 
stimulate a muscle lying on the thermopile in a moist chamber. The 
strength of the current being accurately measured, a correction for its 
physical heat-production can be made. The tetanus (about 1 sec.) 
caused an almost maximal contraction. The heat-production was 
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measured in scale-divisions of galvanometer deflection, the tension in 
mm. of movement of the tension-registering lever. A typical experi- 
ment, out of many, is given below. 


Exp. Duration of tetanus 1-20 secs. H corrected for heat-production of exciting 
current, Initial tension of two sartorii on long thermopile 14 grms. weight; 1 mm. 
tension = 4°43 grms. weight; 1 s.d. galvanometer deflection=11-5 x 10 calories. Weight 
of muscles=0°219 grm. ; length=8'35 cm. Frequency of alternation of exciting current 
given in alternations per sec. The muscles were in air. 

Experiments as under made in order on the same muscles. 


Frequency ]] §Z 33 60 101 
Heat-productionH 305 360 288 238 282 304 292 332 293 
Tension set up T 11˙7 138˙2 107 8˙7 ‚ 

H/T 96-1 27˙3 27.4 25˙8 260 26.38 27˙9 


Thus although the frequency of alternation of the exciting current 
varies from 17˙5 to 101, the ratio H/T remains almost absolutely 
constant: whatever be the frequency of the exciting current a contrac- 
tion of given strength is always accompanied by fixed heat-production. 
If we suppose that a given tension is caused by the presence of a given 
amount of lactic acid at some particular spot, then the rate of lactic 
acid production being proportional to and determining the rate of heat- 
production, the concentration of lactic acid and the consequent tension 
will be proportional to the rate of heat-production. 7 

The amount of heat required to maintain a tension of 1 grm. weight 
for 1 sec. in a muscle 1 cm. long has been determined. Except for 
about 0˙4 sec. at the beginning, the heat-production of a tetanus up 
to 5 sec. is exactly proportional to its duration. In soit experiments 
I found that quantities of heat 


9-9 x 10-*, 13-9 x 10-, 28° x 10 12°45 x 10-*, and 16˙8 x 10~ calories 


respectively were required to maintain for 1 sec. in a length 1 cm. of a 
frog’s sartorius at 13°C, a tension of 1 grm. weight. The tension 
energy of 1 cm. of muscle, supposing it to be trying to contract to 
4 its original length, is 0°25 grm. cm., or expressed in heat units 
5˙9 x 10 calories. Thus, whatever the frequency of excitation, it 
requires an expenditure of between 10 and 24 calories to maintain in a 
muscle for 1 sec. a state of potential energy whose value is 5-9 calories. 
The muscle of the frog at 14° C. is very efficient for a short contraction, 
but for a prolonged tetanic contraction it is very wasteful, requiring 
practically to restore its potential energy of tension once every }sec., 
independently of the rate of excitation. | 
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| “Some effects of muscular exercise on women. 
HARTWELL and Nora TWwEEpy. 


The following results on the effects of muscular exercise were obtained 
on students at Bedford College. 

In the first set of experiments we worked with 54 subjects. Their 
normal ventilation, pulse and blood-pressure (maximum systolic) were 
recorded while at rest in the sitting position. These observations were 

5 repeated after muscular exercise, which consisted in running once up 

. and down stairs (resp. ht. 37 8” 114 metres), The actual time taken 
for this exercise was about 45 secs. The subject’s pulse and ventilation 
were taken immediately after the exercise; then after about 10 mins. 
rest the exercise was repeated and the blood-pressure observed. 

The following table represents the averages of these results. 


se ages _ Age in years Weight in stones and Ibs. Height in feet and inches 

subjects av. max. min. av. max. min. W. max. mid. 

3 kilos metres 
Blood-pressure 


‘av. max, min. av. max, min. av. max. min. ar. max. min. 


os 10% 45 25 88 0 7 9 6 115 165 96 
yrs 28 55 17 «285 58 18 105 162 80 158 220 120 


Difference of the effects on athletic and non-athletic students. 


The following table was obtained by dividing the subjects into two 
classes, athletic and non-athletic. The correspondence between the 
average age, weight and height of the two classes is so close that the 
work done was equivalent in both cases. 


Averages before work 8 
in litres of 
Subjects Av. age Av. weight Av. height per min. per min. in mm. Hg. 

16 athletic 21 9°9 5°6 9-2 20 76 116 
(61°5) (1.66) 

88 non-athletic 22 8 5˙5 7˙9 21 78 100 
(61) (1°64) 

Averages after work Differences before and after work 


Blood - Blood- 
Vol. Resp. Pulse pressure Vol. Resp. Pulse presure 
28 27 100 165 18°8 3 49 
28 30 110 150 20-1 9 33 650 
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Rate of return of pulse to normal. 


In this set of experiments the amount of work done was s the same as 
before, but the pulse rate was recorded every 15 seconds until it had 
returned to normal: We noted that the rate of return to normal was 


much more rapid in the case of athletic than e e as a 


J. 
2 
20} 


Fig. 1. —— 16 — Ordinates represent 
number of beats per 15 seconds. 


A Typically non - athletie subject. B Typically athletic subject. 


Fig. 2. Abscisse and ordinates as in Fig. 1. . 


In these experiments the inspiratory valve was connected with the 
gas bag of the Douglas Respiration apparatus instead of being open to 
the air. The bag was filled with air or oxygen (previously moistened 
by bubbling through water). The subjects detected no difference 
between the air and oxygen and were unaware that different gases were 


being used. Control experiments were performed in which two e 


of ordinary air were given. 
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The averages of these results are given below. 


Naber ot Col reap. Rate of resp. 
{ oe" 
12 


Effect on ventilation of breathing pure oxygen before exercise. 
Here the ventilation was recorded before and after exercise. | The 


subjects breathed air Bilis dn from the gas bag for two minutes before 
running. 


| Before exercise - Differences before 
Number of Vol. in litres 
subjects per min. per min. Vol. Mate Vol. Rate 
breathing ar 10 19 24 25 14 6 
pesathine oxygen 11 19% 26 24 15 4.5 


We wish to express our thanks to Dr Pembrey for his kind assistance. 


The heat liberated during the stimulation of frog’s limbs 
under atmospheric pressures of O,. By R. A. Perens. e 
liminary communication.) 


By a modification of A. V. Hill's differential . it 
has been found possible to estimate the heat given out in a single pair 
of frog’s limbs, during the electrical stimulation of their sciatic plexus 
with strong induction shocks of varying frequency. Blix has attempted 
previously to find the amount of heat liberated during muscular con- 
traction, which he found impossible with the methods then at his 


The values obtained for the heat production of single pairs of limbs 
tetanised to fatigue have varied from 26 cals. per c. o. of frog’s limbs 
(skinned), The limbs were kept in Ringer under atmospheric pressure 
of Os, and the tetanus was performed in the hour following the animal's 
death. 
(Owing to the various osmotic phenomena of muscle after stimulation, 
the volume of the limbs was measured immediately after the making of 
the preparation. Even by this method, the measure is not entirely 
satisfactory as the ratio of muscle to bone varies from one animal to 
another.) 
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In spite of the wide variation of the results, they seem to afford 
more evidence for the view that the appearance of lactic acid in frog’s 
muscle is closely associated with the liberation of heat. For Fletcher 
and Hopkins found that by stimulation direct or indirect of frog’s 
muscle, it was not possible to liberate more than 50°/, of the total lactic 
acid maximum obtained in rigor; further, A. V. Hill has found for the 
total heat production, of chloroform and heat rigor, values varying from 
812 cals. per cc Of these latter values, it is remarkable that the 
values for heat production during stimulation lie between ‘2—‘6 cals. 
per c.c., an amount of heat which is approximately 50°/, of that for the 
total heat production of rigor. 

A direct control of these results is being performed by parallel 
estimations of lactic acid production and heat production. : 


The absolute efficiency of the muscular contraction. By 
A. V. HILL. 


In all experiments hitherto made to determine the maximum value 
of the “ efficiency ” of a muscle in absolute units, three points have been 
neglected: (A) only the heat A, liberated during the contraction has 
been considered; the heat h ocsurring, if O, is present, during recovery 
processes has been entirely neglected: (B) the work done has been 
much less than the work the muscle might have performed under the 
most favourable mechanical conditions: (C) in estimating the heat H 
the thermopile’s sensitivity has always been calculated roughly from 
the thermo-E.M.F.’s of its elements, and has never been tested directly. 
Obviously (A) we must consider the whole process, we must in fact put 
H=h,+h, and not H= M. Next (B) the value of W should be the 
work the muscle could do under the best conditions, viz. when at 
every length the weight it is given to lift is only just less than the 
maximum tension it can exert at that length. Otherwise a large part 
of its tension energy is unutilised and lost as heat. Owing to experi- 
mental difficulties in obtaining a really representative maximum value 
of W, it is desirable to use a calculated value of W. viz. the tension 
energy thrown into a muscle when excited. A stretched elastic string 
of length a, tension 7, and natural length a, possesses potential energy 
Tx (=) / 2. A sartorius of length I will when excited contract to 
about half its length, it becomes for a few moments a new elastic 
body of natural length /. If it be kept stretched, and the maximum 
tension set up in it be 7, then at the moment of greatest tension the 
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muscle possesses potential energy 7/2 /], ic. Txi/4. This 
quantity is used rather than W, which depends on arbitrary conditions 
of loading. Finally (C) in the following experiments the thermopile 
has been calibrated directly; otherwise large errors occur. By means 
of a commutator, a known alternating current has been passed for a 
definite time (about 1 sec.), through a muscle whose resistance has been 
accurately measured. Thus each experimental muscle can, after death, 
be warmed artificially on the thermopile with a known quantity of heat, 
the deflection of the galvanometer observed, and the value of one scale- 
division determined directly in calories for each muscle and thermopile. 
The efficiency is thus determined in absolute units. In the following 
experiments only h,, the heat liberated immediately on excitation, has 
been observed: it is known however that h, the heat-production of 
the recovery processes, is about as great as i. | 
Each experiment represents several observations on a new muscle, Tx 1/4 is of course 

reduced to calories, | 

Exp. No. 1 8 4 5 6 7 x 


Owing to experimental errors the quantity 7/4 X I is not very 
constant, but some latitude must be allowed to it. Its mean value is 
09: in other words there is practically as much tension energy 
as total energy discharged in the muscle when excited. In 
the initial discharge of chemical substances and energy (as apart from 
recovery processes), the energy occurs almost entirely as the potential 
energy of tension, which potential energy when it is not allowed to 
accomplish its full equivalent of mechanical work is partly degraded into 
heat. But this does not represent the complete process: the muscle has 
to be restored, the accumulator to be recharged, in which performance 
heat is liberated at least equal in quantity to the total energy of the 
original reaction. The “efficiency” of the complete muscular mecha- 
nism is (T x / / (A ＋ A, and since h is approximately equal to h, the 
efficiency of the whole process must be about 50 %:; even this figure is 
only a theoretical maximum, and never could be reached by the living 
muscle except under extremely elaborate mechanical conditions of 
loading. It is interesting however that in the initial breakdown 
processes of contraction (as apart from recovery) the “free-energy ” 
liberated should be approximately equal to the total energy, that all 
the energy liberated should be transformable into work. The muscle 
indeed works by storing potential energy, to be loosed off as required. 
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re The simple character of the yellow sensation. By F. v. 
EDRIDGE-GREEN. 


A vivid de after image may be seen not only in the W 
ol all green light but whilst the eye is still being stimulated by a red 
light. If in a dark room in which all extraneous light has been 
excluded an incandescent light be covered by a deep red glass and a 
purple glass combined the only light transmitted will be red light in the 
neighbourhood of the A line. If the filament of the light be attentively 
regarded for twenty seconds and then the eye be slightly moved a bright 
blue-green after-image will be momentarily seen though the eye is 
still being stimulated by red light. 

If yellow were a compound sensation (in contra-distinction to my 
view that both red and green light excite the yellow sensation) it should 
be easier to obtain a green after-image, after fatigue with red, on a 
yellow than on white. It will be found that whilst the green after - image 
is very easy to obtain on a white surface it is much less easy to see on 
a yellow surface and much less marked. For this purpose coloured 
papers are quite satisfactory because though the colours are not pure 
the colour indicates the predominating sensation. 

The corollary to this view is that those possessing only three colour 
_ sensations should see a greater change in yellow than in white because 
the yellow region is seen as red-green and does not excite a yellow 
sensation. This I find to be the case; on examining Sir W. Ramsay 
who is trichromic I found that he saw a much greater change in yellow 
after fatigue to red or green than in white. | 

The striking difference in the production of the contrast colour on 

yellow and grey surfaces with normal sighted persons may be shown by 
placing a small square of yellow paper and a small square of black paper 
on a green ground and covering both with tissue paper, whilst the 
yellow appears unaltered in hue the grey portion corresponding to the 
black paper appears a decided pink. If the filament of an electric lamp 
be viewed through a deep red glass for one or two seconds and the eye 
be directed to a sheet of white paper on which a square of yellow paper 
is pasted a dark image of the filament will be seen without a trace of 
green. If the duration of the excitation be a little longer and the eye 
be directed so that half of the after-image is situated on the yellow 
surface and half on the white it will be noticed that whilst the after- 
_ on the white surface is green that on the yellow is dark grey. 
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In conclusion there is no evidence of the compound nature of the 
yellow sensation, any effects due to considerable fatigue are due to the 
subtraction of the fatigued colour sensation and the superposition of the 
after-image on that of the reacting light. This after-image may in 
certain conditions be seen more clearly in the absence of light than when 
projected on a surface reflecting light. 

The colour of spectral light of low luminosity is ee with 
any form of the trichromatic theory but is exactly what we should ex- 
pect on the view that yellow is a simple sensation. If a region of pure 
yellow. be isolated in my spectrometer it will appear yellow when the 
luminosity is gradually diminished until the region appears colourless. 
The yellow appears less and less saturated but does not incline either 
to green or to orange. If the yellow were compounded of a red and 
a green sensation it should become greener on diminishing the luminosity 
because the red of the spectrum disappears much sooner than the green. 
The red component of the yellow would disappear whilst the green 
would remain. The luminosity is diminished by moving the light on 
a photometer bench. The same is found with pure blue which does 
not incline to either green or violet when the e is — 


„ Note on the quantitative estimation of adrenalin, By 
T. R. ELIIorr. 


In a recent paper from the Harvard School there is given a new 
colorimetric method for the estimation of adrenalin in solution. Folin 
and Denis have described a phospho-tungstic acid reagent which gives 


a blue colour with uric acid and also with polyphenol compounds, In 


association with Cannon these workers! applied the method to the 
detection of adrenalin in solution, and found it to be so delicate that it 
would reveal the presence of one part of adrenalin in three million parts 
of water. Using a solution of urie acid of known strength for the colour 
standard, and accepting the proved observation that adrenalin has thrice 
the chromophoric value of uric acid, it — om a few minutes to 


solution of adrenalin. 


The simplicity of this is a great gain over the 8 88 tedious method 
of quantitative analysis by blood-pressure reactions, which I used in 
some recent estimations’. Cannon compared results obtained by blood- 
— observations according to my method with those by the new 


1 Journ. Biol. Chem. xm. p. 477. 1918. 
2 This Journ. XIAV. p. 375. 1912. 


‘ 
uke 
* 
Fe 
* 
Ae 
Pe... * 4 
~) 
* 
* * 
on 
hart 
it 
¥ 
* 
4 
* 
4 
2 
BY. 
8 
* * 
— 
a 
19 
dt 
+ 
ta 
ig 
8 
4 
e 
x 
§ 
* 1 
4 
i 


avi PROCEEDIN GS OF THE PHYSIOLOGICAL 


colorimetsic assay, and found them to be practically identical. So 
accuracy as well as speed are in its favour. 


It seems, therefore, clear that by either of these two methods it is 


possible to determine correctly the amount of adrenalin in a given 
solution. But the other aspect of the problem, how to get the 
adrenalin out of a suprarenal gland and into solution, still presents 


difficulties. There may be loss, or there may be conversion of related 


substances into adrenalin during the process of extraction. In the 
observations that I described in my paper, this question of the relia- 
bility of the method for an absolute determination was not of cardinal 
importance, because it was only required that a comparison should be 
made of the adrenalin content of the two glands of the same animal, 


assayed at the same time: Hence these results stand good, even though 


the extraction be inadequate. 


Folin, Cannon, and Denis prefer a different method, and are in- 


clined to think that there was real loss in my extractions, They 
extract with decinormal hydrochloric acid. I used a Ringer's solution 


(NaCl 6%, KCl 025 , CaCl, 025 ), which was neutral to litmus, 


It serves no purpose to discuss which method ought to give a more 
reliable yield. Actual comparison by an experiment is needed. The 
right and left glands of a normal cat contain almost identically equal 
quantities of adrenalin. Extracts were consequently made from either 
gland by the two methods in three cats: in each I found a slightly 
higher percentage of adrenalin in the extract made with Ringer's 
solution. Thus in a large cat, 

right gland, 35 gm.=‘31 mgm. (Cannon’s method), 

left gland, 34 gm. = 37 mgm. (extracted with’ Ringer’s). 


The difference was slight, but it was sufficient to show that my 2 


analyses are at any rate as accurate as any others. That the two 
different methods of extraction yield such very similar results, does 
suggest that each is fairly complete. 

The point is of importance, when one is comparing the adrenalin 
load of the glands of different animals under various conditions; espe- 
cially, for example, in the analysis of human suprarenals in cases of 


fatal disease. Many observations have already been published in this | 
connection by various workers. The results vary widely, and for the 


most part give adrenalin values that are much too low by reason of 


faulty extraction and estimation. The best and most complete series of 


: estimations is that by Alexandra Ingier and Schmorli, in which the 
1 Dtsch. Archiv f. klin. Med. ctv. p. 126. 1911. 
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average total load of the two suprarenals in 517 cases was 42 mgm., with 
an average of 47 mgm. in 15 cases of sudden death by accident. I have 
examined a large number of glands and, while meeting with changes 
that followed the same main lines in the various diseases as those of 
Ingier and Schmorl, I found adrenalin loads nearly twice as great as 
theirs. At birth the adrenalin is almost all in the outside paraganglia : 

thus the paraganglion aorticum, weighing 11 gm., held 24 mgm., while 
one suprarenal, weighing 27 gm., held only OI mgm. In an adult two 
glands contain 8 or 9mgm. in all. The quantity drops to 2 or 3 mgm. 
in such septic conditions as malignant endocarditis, though it is un- 
affected in the — mechanical circulatory failures of mins valvular 
disease. 


‘The rectification of alternating currents by unequal or 
unequally dirty electrodes. By A. V. Hitt. 


In some experiments in which dead muscles on a 3 were 
warmed by alternating currents, it was found that if the thermopile 
were not very well insulated there might often be a considerable 
deflection of the galvanometer, which could only represent the short- 
circuiting of a direct current through the galvanometer. One felt at 
once the analogy of the “ electrolytic detector” used in wireless telegraphy 
for the rectification of rapidly alternating currents. This instrument is 
an arrangement in strong acid solution of two electrodes of very different 
sizes, viz. a large platinum plate and an extremely fine platinum wire. 
By virtue of the greater polarisation (by hydrogen) at the very fine 
electrode, an alternating current passing through the “detector” may 
be very largely turned into a direct current. Now it was found if an 
ordinary pointer d’Arsonval galvanometer were placed in the secondary 
of a buzzing coil, the circuit containing also in series with the d’Arsonval 
a pair of electrodes immersed in salt-solution, that there was usually a 
~ deflection of the galvanometer needle. Now in the secondary equal 
quantities of electricity are transferred in either direction, provided the 
conductivity in each direction is the same. The individual “shocks” do 
not cause separate deflections, so that an alternating current from the 
secondary should cause no deflection whatever. The secondary currents 
must therefore have been rectified. 

It was found that one could change the direction of the rectified 
current, (1) by changing the electrodes over without changing the rest 
of the circuit, (2) by making the smaller electrode larger, (3) by making 
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the larger electrode smaller, (4) by immersing more or less of either 
electrode in the solution, (5) by making one electrode dirty, or (6) by 
cleaning the other electrode. Under all conditions more positive 
electricity than negative passed from the smaller or dirtier electrode to 
the larger or cleaner. This fact is most clearly shown by passing the 
induced “ tetanising” currents between clean electrodes in salt solution. 
If the faintest trace of grease be smeared on one electrode there will be 


a large deflection of the galvanometer in one direction: if this grease be 


rubbed off and a trace smeared on the other electrode there will be a 
large deflection in the opposite direction. 

This fact may be of importance physiologically. If powerful 
tetanising currents be applied to a muscle or other tissue the chances 
are very considerable that the effective areas of the electrodes are 
different, or that the electrodes are unequally clean. Either of these 
factors will cause a very considerable rectification of the tetanising 
current: with one volt in the primary, and the secondary pushed right 
up, there may be a direct current in the secondary of several hundred 
micro-ampéres. Such a current may well stimulate a tissue which is 
susceptible only to long currents and not to rapid induced shocks: or 
it may cause polar stimulation at the electrodes: or it may so largely 
affect the concentration of ions at the electrodes as to change the acidity 
or alkalinity at these, or even liberate small bubbles of gas. And the 
only thing necessary to produce such a direct current i is Sia : 
dirtiness of the electrodes. 55 


A note on the constitution of kynurenic acid. By Anwiz 
Homer, Beit Memorial Fellow. | 


‘Natural kynurenic acid has hitherto been regarded as r 
B- carboxy- quinoline (m. p. 266-267). Its melting point has been given 
by Schmiedeberg and Schultzen as 264-2667, and by ewer 
as 257-258°. 

Specimens of the natural product, isolated from the urine of several 
special have been shown to melt sharply at 

Camps (Zeit. Phys. Chem, XXII. 390) synthesised a-hydroxy- 
y-carboxy-quinoline (m. p. 290°). The synthesis of this acid was repeated 
and its identity with natural kynurenic acid has been demonstrated. 

Natural acid must therefore be — as | 
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The effect of small variations in concentration of Ringer’s 
. on the response of isolated plain muscle. By H. H. 
DALE. (Preliminary 


and Hartoch found that a injection of 
_ strong sodium chloride solution would enable an anaphylactic guinea- 
pig to survive an otherwise fatal reinjection. They attributed the 
action to inhibited fixation of complement. Since the isolated washed 
plain muscle (uterus) from an anaphylactic guinea-pig responds by 
maximal contraction to the antigen in high dilution, it seemed of 
interest to observe the effect on this response of adding salt to the 
Ringer's solution. It was found that a very small addition, sufficient 
to bring the concentration from 0°9°/, to 1:1°%/, of NaCl, greatly de- 
pressed the response, which was practically annulled by suspending 
the muscle in Ringer's solution containing 1-3 / of NaCl. This 
depression is in no way peculiar to the anaphylactic response. The 
effects of stimulant drugs, such as B- iminazolylethylamine or pituitary 
extract, on the guinea-pig’s uterus are similarly depressed. The effect 
is not due to specific ionic action; it appears to be entirely dependent 
on the increased osmotic pressure of the solution, since the addition of 
cane sugar (2°/,) has a similar depressant action on the response, while 
sodium sulphate and sodium chloride, added in equimolecular propor- 
tions, produce identical results. 

If the tonicity of the solution is lowered by adding distilled water 
a marked increase in the response to a submaximal dose of the drug 
occurs. If the dilution is sufficiently large (e. g., from 0°9°/, to 075% 
sodium chloride), and is made suddenly, it excites a contraction similar 
to that produced by a stimulant drug: when this contraction passes 
off the muscle remains abnormally excitable to stimulant drugs. A 
dilution from 0°9°/, to 0°85 % usually causes no contraction of itself, but 
markedly increases the response of the muscle to §-iminazolylethyl- 
amine. The effect is, again, an osmotic one; dilution with isotonic cane 
sugar solution has no effect, but 2% urea solution acts like pure water. 
The effect of similar changes, on the inhibitor action of adrenine, 
was tested with the isolated uterus of the virgin cat. A small increase 
of tonicity, produced by adding salt or sugar, inhibits the tonus of 
this organ and increases the inhibitor action of adrenine; decrease 
of tonicity, produced by adding water, causes rise of tonus, and an- 
eer the inhibitor action of adrenine. : 
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action of dyes upon the isolated frog’s auricle. By 
A. J. Crank, MB. 


(From the Phermacolegioal Laboratory, University College.) 


| A strip from the auricle and sinus of the frog, if excised and 
placed in Ringer's fluid, will continue to beat for some hours; the 
tissue can be observed under the microscope and forms a convenient 
preparation for the study of the action of dyes upon living tissues. 

Neutral red dissolved in Ringer’s fluid, in which the concentration 
of the hydrogen ion is 10, dyes the muscle cells red, but does not 
injure them. If the alkalinity of the fluid is increased the cells remain 
red as long as they exhibit activity, but, when the concentration of 
alkali is sufficient to arrest activity, the cells turn yellow. 

These observations agree with those of Warburg! upon sea-urchin’s 
eggs, and support the conclusion that normally animal cells are 
impermeable to hydroxyl ions. 


Nutrition of the embryonic chick. Part II. The loss of 
weight of fertile and sterile eggs during incubation. By HUBERT 
WILLIAM BYWATERS and WILLIAM BARRETT Roux. 


(From the Physiological Laboratory of the University of Bristol) 


It is well known that eggs during incubation lose weight with more 
or less regularity. W. Preyer, who investigated the matter some 
30 years ago (Specielle Physiologie des Embryo, 1885), found that the 
fertile egg gives off less water than the sterile egg, but more carbon 
dioxide, and came to the conclusion that it was impossible to foretell, 
from the observed loss in weight, whether an egg was or was not fertile. 
In the course of a study of the nutrition of the embryonic chick (This 
Journal, Vol. xiv, xl. 1912) it became desirable to measure accurately 
the diminution in the weight of the egg during incubation. The 
following tables are representative of the results obtained. 

The weights of the eggs at the commencement of incubation were 
I 65°77, II 51°55, III 61°78, IV 59-48, v 60°73, VI 51°40, VII 53-23, 
VIII 69°41, IX 60°43, X 58°44, XI 5403, XII 61:55 grammes. 


1 Warburg. Ztschr. 7. Physiol. Chemie, ux. 818, 1910. 
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Fertile eggs 

| — Observed loss of weight in grammes : 

1 0-51 0-34 0-48 0-41 0-48 0-47 
2 10032 O71 092 0-76 0-95 04 
2 1°16 0-67 0°87 0°89 0°95 05 

2 1-19 0°57 0°84 0°97 1-09 

2 107 0°56 ~ 0°85. 0°80 0°96 1-08 

2 1-18 0-61 0°85 0°88 0 ˙99 1°09 

2 117 0-60 085 0°89 0°98 1-09 

2 1°24 0-63 0-88 0°95 1°03 1°16 
1-28 0-68. 0°98 0°95 1°16 1°35 
0-69 0-97 1-08 1:18 1-82 

Sterile eggs. 

Observed loss of ‘weight in grammes 
— “vi VIII IX x xI 
2 0°39 0°47 0°41 0°38 0°36 0°13 

2 0-83 0°97 0°83 0°75 0-77 0°18 
2 0-68 0°87 0°83 0°76 0-86 0°17 
2 0˙60 0-79 0°83 0°75 0°88 0°14 
ea 0°60 0°77 0-82 0-74 0°78 0-13 
2 0-58 0°75 0-80 0°72 0°81 0˙11 
, 0°56 0°75 0°84 0-78 0-82 0°12 
2 0°55 0°75. 0°84 0°76 0°81 0-13 
2 0°56 9077 0-81 0-80 0˙07 
2 0°51 0-78 0°85 0-77 0-82 0-11 
2 0°55 0-74 0°84 0-74 ‘0°79 0°09 


1 seems to us justifiable to draw from these and many similar 


results the following conclusions : 


(1) The loss in weight per diem, though more or less constant for 
the same egy, varies greatly in different eggs; the average loss being 
about 0˙5 gramme. In one egg (No. XII) it was about 0°07 gramme, 


whilst in others we have found it as high as 0°9 gramme. 


(2) In the case of sterile eggs, the daily loss in weight for the same 
egg is practically constant throughout the whole period of incubation. 
_ (8). With fertile eggs, the daily loss may fall slightly until about 
the middle of the period of incubation and then it begins to rise and 


may at the end be as much as half as much again as at the commence- 


ment of incubation. 
(4) The fertility or otherwise of the incubating egg can be 


ascertained, towards the end of incubation, by studying the daily loss in 


weight. In a setting of 16 eggs, the condition of each egg as regards 
fertility was correctly forecasted from the observed loss in weight. 


I portion of the expenses of this research has been defrayed from a grant made by the 


Colston Research 
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c Note on the functions of the cortex cerebri. By T. Oman 
Brown and C. S. SHERRINGTON. 


When we 83 at the meeting of the Society on July 27, 
1912, a chimpanzee 755 in which the arm area of the left motor cortex 
had been destroyed, “voluntary” movement at the right elbow was 
present. In the succeeding months so great a recovery of the move- 
ments of the arm took place that in December there was no obvious 
difference between the movements of the two arms. On the 10th of 
that month the arm area of the right motor cortex was very nearly 
completely destroyed. ‘After this operation there was no noticeable — 
change in the movements of the right arm, but voluntary paralysis of 
the left arm was present. Four days later the ape could move the left 
arm slightly at all three joints. Eleven days later he could use it to 
assist him in climbing. Thirteen days later he gave the left hand at 
command, Thereafter the movements of the left arm became gradually 
more perfect until he would, for instance, use it alone in eating a banana 
or in holding a cup of water to drink from. 

On Feb. 5, 1913, the post-central convolution of the right cortex was 

freely destroyed opposite the arm area. At the operation it was found 
that the arm area was “dead.” The post-central gyrus was inexcitable, — 
Within 90 minutes of coming out of narcosis the ape gave the left hand 
at command. None of the movements of the left arm were absolutely 
lost, but there was a considerable weakness in some of them. There 
was difficulty in raising the arm above the head. The movements of | 
the arm gradually improved and became stronger. He now some- 
times feeds himself, for instance, with the left hand alone. He often 
transfers a banana from one hand to the other and it has been observed 
on several occasions that he can do this accurately without looking at 
either hand. 

From these experiments it may safely be concluded that recovery of 
a limb (arm) may take place fairly rapidly after the destruction of a 
large part—if not of the whole—of the corresponding area of the motor 
cortex. This recovery is not due to regeneration of the area destroyed. 
It is also not due to the taking over by the corresponding area of the 
other cortex of the movements of both arms. It is not due to the 
taking over by the post-central cortex of the functions of the motor 
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On dynamic equilibrium in cardiac muscle. By G. R. Mines. 


| (Preliminary note.) 


By modification of the electrolytes in solutions perfusing the frog’s 
heart, various features of the electrical and mechanical responses of the 
muscle may be controlled. Through changes in the hydrogen ion 
concentration (On.) of the perfusion fluid, within limits compatible with 
the continued activity of the heart, the duration of the electrical 
disturbance in the ventricle may be altered—sometimes in the opposite 
sense to the change in duration of the mechanical response; the 
interval between the beginning of the electrical and of the mechanical 
response in both auricle and ventricle may be altered and the duration 
of the auriculo-ventricular (A-v) interval’ as measured from the 


electrocardiogram may be increased or diminished at will. Keeping 


other conditions as far as possible constant, increase in Cy. causes 
lengthening of the A-v interval. The attainment of equilibrium is 
slow when the change in reaction is small. The effects are all completely _ 
reversible, | 

Alteration in the perfusion fluid very commonly causes change in 


the frequency of the spontaneous rhythm of the sinus. It is therefore 


necessary to enquire (a) how far changes observed in the individual 
a The r. n“ interval in Einthoven's nomenclature. 
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responses are due to direct alteration by the perfusion fluid of the 
musculature responsible for the electrocardiogram, and (b) how far the 
changes are secondary to alterations in the frequency of excitation. 
The change i in the A-¥ interval is shown to depend on factors included 
under (a) since in various instances lengthening of the A-V interval 


may accompany increase or decrease in frequency of rhythm. Yet 


factor (b) is also significant. 


Experiments on the relation between frequency of beat and various 
features of the individual responses have been carried out on the 


atropinised Stannius preparation, the place of the sinus being taken by 


a pair of electrodes connected to a new apparatus giving induction shocks 3 


at perfectly rhythmic intervals which can be chosen at will. Equilibrium 


0 ral, 


is quickly attained at any particular rhythm over a wide range so that 
successive beats are alike. It is found that with increased frequency of 
beat, the duration of the electrical disturbance in the ventricle becomes 
shorter while the A-V interval becomes longer (Fig. 1). 

The Cg. in any region of the muscle depends, inter alia, upon the 
periodic liberation of acid which determines each contraction, on 
diffusion of the acid away from the points where it is produced and on 
the oxidative removal of the acid. When the rate of production of acid 
is increased, the mean Cy. at which the balance is struck between 
production and removal must be raised. 


The effect on the A-V interval of increased activity of the myocar- 


dium is shown to be the same in kind as that produced by a slight 
increase in the Cy. of the solution harming it. 
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6 of curari to nicotine in the Se 
muscle. By J. N. LANGteEy. 


In a recent critical account on the selective action of drugs on nerve 
endings, Dixon' quotes Boehm? as having shown that “the muscles of 


a frog completely paralysed by curarine react normally to nicotine,” and 


he considers that this indicates that curari acts on nerve endings, and in 
small doses does not act directly on a constituent of the muscle, as I have 
maintained it does, The statement with regard to Boehm’s result 
rests on a misunderstanding of its nature. What Boehm observed was 
that the gastrocnemius of a curarised frog (the motor nerves being 
completely paralysed) contracted when placed in nicotine. He does 
not mention the percentage of nicotine he used, But in such an 
experiment the concentration of nicotine is the determining factor. 
The essential feature of the antagonism of nicotine by curari is that 
it depends on the relative concentrations of the two poisons. With 
a given concentration of curari, the concentration of nicotine has only 
to be increased to a certain extent in order to overcome the effect of 
curari and to cause an immediate contraction. Boehm’s observation 


then does not show that the curarised muscle reacts normally to 


nicotine. In fact, nothing is easier than to show that the muscle 
of a curarised frog reacts very differently from a normal muscle, This 
is I think shown by the experiment I have already published’, but 
‘since in this experiment the amount of curari used was greater than the 
minimal paralysing quantity I have made some further experiments. 
Method. Frogs, weight 20 to 24 grams. Brain destroyed. Left thigh tied in two 
places with rather thick soft thread‘. Ourari injected into dorsal lymph sac. Reflexes 
tested from time to time. When no reflex in unligatured limbs, effect of stimulating 
sciatic tested. Both gastrocnemii cut out and fixed in similar muscle chambers. Ringer's 
fluid added for 1 min. then nicotine substituted for Ringer’s fluid. | 
In one experiment one drop of 1 % curari was given; the right sciatic 
was paralysed in 25 minutes. Nicotine 005 % caused in the gastro- 
cnemius of the ligatured leg a prompt contraction which reached a 
maximum in about 15 secs.; in the gastrocnemius of the unligatured 
leg it caused a rise in the curve of 1 mm. only in 5 mins. 


1 Proc. Roy, Soc. Med.: Therap. and Pharm. Section, 1912, p. 16. 
2 Arch. f. exp. Path. u. Pharmak, vu. p. 267. 1908. 


Journ. Physiol, xxxrx. p. 281. 1909. 
be that by this method the cironlation in the lower log may 


be stopped without stopping the conductivity of the sciatic. 
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In another experiment ‘2c.c, of 02% curari was injected, . The 
right sciatic was paralysed in an hour. Nicotine 0002 % caused a 
normal contraction in the uncurarised muscle (Fig. 1 ö), and only a 
slow and much diminished contraction in the curarised muscle 
(Fig. 1a). Other experiments showed that it is not necessary to 


wait till the sciatic is paralysed by curari in order to obtain a decrease 


in its reaction to low concentrations of nicotine. 


As I have said, if a sufficiently high concentration of nicotine: is 


used, it will overcome the effect of curari and cause contraction at 
once, but up to a certain degree of increase of concentration the rate 
of contraction is obviously delayed. Fig. 2 shows the result of an 


experiment conducted in the same way as that of Fig. 1 except that 
1% nicotine was used instead of 0002 %. It will be seen that nicotine 
caused contraction in both muscles, but that in the curarised muscle (a) 


the contraction was much more gradual. , 
_ The essential phenomena of the antagonism of nicotine and curari 
are then the same whether the poisons are injected into the circula- 


tion or applied to the cut out muscles. Nicotine acts in the normal 
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way when the nerve endings are degenerated, it acts therefore on a 
constituent of the muscle. Since curari in very low concentration 


reduces the contraction caused by a low concentration of nicotine it 


also acts on the muscle, and there is not the slightest warrant for 
attributing its effect on the tonic nicotine contraction to an action on 
the nerve endings. 


‘The work done by the lungs at low oxygen By 
A. V. Hn. | 


Accepting Dougies, Haldane, Henderson and Schneider’s 
observations' on the “secretion” of oxygen by the lungs, after adapta- 
tion to low oxygen pressures at high altitudes, it is possible to calculate 
the actual mechanical work done by the lungs in the secretion and to 
compare this with the activity of the body as a whole. If one 
gram-molecule of O, at absolute temperature 7 is condensed by any 

from pressure pi to pressure p. the work done is RT log, p,/p,, or 
numerically and expressed in gram-calories (supposing T to be 9850 
temperature) 2 * 310 x log, 550i x 1/434, ie. 1430 * logy p,/p,. In 
oxygen secretion by the lung pi is the alveolar tension of O,, and p. 
is the gradually increasing tension of O, in the blood as O, is absorbed : 
it is necessary therefore to integrate the quantity 1430 log, p,/p, along 
the part of the dissociation curve involved, in order to obtain the actual 


work done. Using the results found on p. 203 of the paper quoted 


i.e. O absorption per min. =345 o. o. 
Venous blood, 64 % saturated. | 

Arterial blood, 96 5% saturated. . 

Alveolar O, pressure, 53 mm. 
the work dons per minute by the lungs, expressed in heat units, 
would have to be about 1°0 ee This result is for a man at 
rest standing. 

For a man walking 8 assuming the numbers 
0, absorption per min. 1728 b. o. 

Venous blood, 30 % saturated. 

Arterial blood, 90 % saturated. 

Alveolar O, pressure, 53 mm. , 
the work done per minute by the lungs, expressed in heat units, is only 
about 0°8 calorie. These numbers are so small, because so large a pro- 
portion of the O, could be absorbed physically with an alveolar tension 


1 Phil. Trans. B, cou. p. 185. 1912. 
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of 58 mm.: especially when, as in the second case, the venous blood has 
a very low O, tension. Now in the body one calorie is equivalent to 
about 0'2c.c. of O,: so that if the “efficiency” of the lungs in “secreting” 

O, be about one-fifth, they will use about loc. of O, per minute. 
The body say 70 kilos, working vigorously uses 1725 c.c. per minute, or 
per gram 025 c.c. If therefore the lungs, with a mechanical efficiency 
of 20 %, are to be able to work as vigorously as the rest of the body, 
their active cells need not weigh more than 40 grams. The calculated 
area of the lungs is 100 sq. metres: the lung cells may conceivably be 
as much as 0˙5 thick : the total volume of the active cells is therefore 
quite conceivably as much as 0°5 x 10 x 100 x 10‘c.c., i. e. 50cc.; that 


is to say the lung cells in a man may well weigh as much as 50 grams. 


If therefore the lung cells can secrete O, at all, and if they be assumed 
to possess an “efficiency” in performing the mechanical work of O, 
secretion of only 20% they should nevertheless be well able to perform 
this work with an i no o greater per gram than that of the body as 
a whole. 


The influence of vagus and sympathetic on the electrical 
and mechanical responses of the frog’s heart. By Dorotuy 
Date and G. R. Mines. (Preliminary note.) 


Simultaneous records of the mechanical movements of auricle and 


ventricle and of the electrocardiogram obtained by direct derivation 
from apex and base of the heart have been taken on rapidly moving 
bromide paper, with special arrangements for time signalling. 


Stimulation of the intra-cranial vagus reduces the duration of the 


electric response of the ventricle ; the curve expressing the value of this 
period in successive beats usually follows a similar course to that 
expressing the strength of the mechanical responses. The interval 
between the beginning of auricular excitation and the beginning of 
ventricular excitation is often increased, but to very different extents 


in different hearts, In cases where there is extreme slowing there 


may be shortening of the (electrical) a-v interval. 


The effects of nerve stimulation on the various PEO of | 


the individual beats depend (a) on the local influence of the nerves on 
the musculature of auricles and ventricle, (ö) on the modification of the 
condition of dynamic equilibrium in the heart muscle which results 
from alteration in the frequency of the beats. In the action of the 


sympathetic, the latter, indirect factor becomes very prominent. In 
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the absence of acceleration, the auginentation of mechanical response 
produced by sympathetic stimulation is accompanied by increased 
duration of the excited state in the ventricle and shortening of the 
(electrical) A- interval. But an increased rate of beat of itself affects 
these factors in the opposite way. Thus the initial effect of sympathetic 
stimulation may be slight reduction in the duration.of the electric 
response of the ventricle and increase in the A- v interval, but ds the 
acceleration of rhythm passes off, the direct influence of the sympathetic 
on the musculature responsible for the N makes itself 
apparent in the records. 


on the effect of castration upon horn growth in Herdwick 
sheep. By F. H. A. MARSHALL. 


Of the Herdwick sheep described in the Proc. Roy. Soc. (Vol. 
LXXXV. B, 1912) and shown at a previous meeting of the Physiological 
Society, May 1912, the rams and three wethers are still alive. The 
horns of the second ram (born in May, 1911) are now ‘very well 
developed, but those of the three wethers have undergone no further 
growth. The first wether (born in May 1910) still has low, rounded 
knobs, while the horns of the other two are 4} and 6 inches long 


respectively, these being their lengths at the time of castration. It is 


clear, therefore, that the development of the horns was dependent upon 
a stimulus arising in the testes, and that this stimulus was essential not 
merely for the initiation of horn-growth but for its continuance, since 
the horns of the wethers ceased to grow as soon as the testes were 
removed. 

It is to be pointed out that these effects are contrary to the theory 
of metabolic stimulation recently put forward by Geoffrey Smith! as 
an alternative to the view that the secondary sexual characters are 


4 dependent upon secretions from the gonads. According to Smith’s 


view, “the gonad, by feeding on certain specific substances in the 
blood, stimulates the over production of these substances by the 
metabolic organs; and so brings about changes in the composition of 
the blood, which act as a stimulus on the secondary sexual characters.” 
If this theory be correct the removal of the testes from Herdwick rams 
ought to have no result (at any rate no immediate result) upon horn 
growth, since the specific substances would remain in the blood for some 


1 Linnean Society, March 6th, 1913. 
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time after castration, and might be supposed to exist there for a short 
time in increased quantity, as they would no longer be absorbed by the 
gonads, Consequently, upon Smith's theory, horn-growth in Herdwick 
sheep ought to continue after the removal of the testes. This, however, 
was not the case. 


Tus effect of altitude on mesectic curves of individuals. By 
J. BARCROFT, 


In the case of the subject who is at rest living at a 928 altitude, 
two changes may be observed: 
(1) A reduced CO, pressure in the blood. 
(2) An acidosis. 3 
These so nearly balance one another that the dissociation curve 
remains mesectic, 80 far as can be seen from inspection of the points 
determined’. 
the use of Hill's formula 


the available observations may be treated statistically, and since n 


appears to have a constant value, 2°5, the value of K defines the 
meionexy or otherwise of the blood. 

A typical set of observations on this point is the following—Roberts : 
normal value of K = 00033. 

Observed values at the Capanna Margherita (15,000 feet) K = 000300, 
000376, 000224, 000293, mean 000298; these fall on both sides of the 
normal value, their mean being below it, so that if K be the mesectic 
value and K the mean value at 15,000 feet K /K = 90 

The following is a series of determinations : 


Name Place Height observations K 


R'jK 

Roberts C. Marg. 15000 5 00033 0002 98 90 

Camis 15000 00029 00026 90 

Baroroft Alta Vista 11000 3 000292 000298 1-02 

Zuntz 7 11000 3 000209 000278 96 

Roberts d' Olen 10000 4 00033 000282 85 
Barecroft 10000 4 000292 000292 1:00 

Douglas Alta Vista 11000 4 000212 »000188 89 


1 Bareroft. This Journal, In. p. 44. 1911. Bareroft. Ibid. Xv. p. Xvi. 1913. 


Douglas, Haldane, Henderson and Schneider. Phil. Trans. Series B, Vol. oom. 
p. 201. 


* Hill. This Journal, XL. p. iv. 1910. Haldane, Haldane - Douglas’ formulas 
might be used equally. 
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The mean value of K /K, which is obtained by multiplying the value 
given above by the number of determinations on which it is founded 
and averaging the result of the 27 determinations, is 93. It is highly 
probable therefore that there is a slight degree of meionexy at high 
altitudes. Judged by the data published by Barcroft and Poulton! 
such a change in K would correspond to an elevation of CO, pressure 
in the blood of the order of 2mm. and would provide the necessary 
stimulus for the increased ventilation observed at high altitudes. 


The effects of high external temperatures on the metabolism 
of rata. By A. M. Hitt, Newnham College, Cambridge. 


In a recent paper? it was shown that Rubner’s “law” that the heat- 
production of an animal is proportional to its body surface, and therefore 
determined by heat loss, does not seem universally to be correct. 
Working with rats it was found that for animals more than one-third 
grown, heat-production is proportional to body weight, and not to body 
surface, so that heat-production is not dependent on heat loss, A 
confirmation is given of this conclusion by some experiments carried on 
lately on rats living at an external temperature of 26° C. 

If heat-production is determined by heat loss, then if the difference 
between the temperature of the animal’s body and the external 
temperature be halved, the heat-production should be halved also. 
For a difference of 22°C. (external temperature 15° C.) the mean 
heat-production for rats over 90 grams in weight was found from 
a large nutmber of experiments to be 203 calories per gram per day. 
For a difference of 11°C. (external temperature 26°C.) the mean 
heat- production was found to be 166 calories per gram per day, which, 
instead of being only one-half, is approximately four-fifths of the previous 
number. 

The experiment was carried out by allowing the water which flows 
around the inside of the Dewar flask (in order to carry away and 


measure the heat formed) to pass first through a coil of tubing lying in 


a toluol thermostat at about 30°C. The outside and the inside of the 
calorimeter are thus warmed to about 26˙ C., a correction is made for 
the evaporation of water, and a zero is made for the galvanometer 
connected to the thermopile with no animal in the calorimeter. The 
use of this zero eliminates almost all errors. Any which may arise, 


1 This Journal, p. iv. 19138. 
A. V. Hill and A. M. Hill. This Journal, xutv. p. 81. 1913. 
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such as loss of heat in the air stream, all tend to make the observed 
heat-production too small so that the true value of the heat- production 
of rats living at 26°C. is even nearer to that of rats at 15° C. 
Confirmation thus seems to have been obtained of the conclusion 
that heat-production in rats is not determined by heat loss, This 
should make rats exceedingly useful for experiments on nutrition for it 
will mean that (amongst other things) the specific dynamic action of 
foodstuffs can be investigated at comparatively low temperatures. 


‘Electrodes for preventing current-spread 
of nerve. By Keira Lucas. 


I have previously pointed out the advantage of “fluid electrodes” in 
the localisation of an electric stimulus’. In experiments on marine 
invertebrates, whose tissues cannot be exposed to air without injury, 
I have required to localise stimuli in nerves submerged in sea-water. 
For this purpose I have made electrodes which use the principle of 
the “fluid electrodes and can be applied to an uncut nerve. The 


essential principle is that where the nerve is to be stimulated the 
sectional area of the solution round it changes suddenly from the least 
possible to the greatest possible. The current passes along the solution 
and has a high density in the nerve where the sectional area of the 
solution is small; where the sectional area of the solution becomes large 
the current worends out into the solution so that the density in the nerve 
suddenly drops, and according to the direction of the current a localised 
anode or cathode is formed. = 


1 This Journal, XXVII. p. 114. 1908. 
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times. With platinum electrodes on an uncut nerve in air a spread of 


tion of egg-white. By H. W. Brwareks and W. Barrett Rove. 


being expressed in grams N per 100 c.c. egg-white) the results were 
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The figure shows at A a general view of the electrodes, and at B a 
plan with the ebonite cover C removed. The body of the electrodes is 
a piece of ebonite, near whose end there is cut a slot DD, which opens 
out into a round depression T. In F there lies a coil of platinum wire 
connected (by a wire embedded in the body of the electrode) to one 
pole of the source of current. The other pole is similarly connected to 
a platinum coil lying on the body of the electrode at F. The ebonite 
plate O fits closely over D and E, and has a hole in it exposing F freely 
to the solution ; it is held down by a rubber band G, and can be lifted by 
pressure of the finger on H. The nerve is put in the slot D and C is 
closed down. Any current passing from Bio F goes through the slots 
and then spreads out into the solution. There will be sharply — 
cathodes where the nerve leaves the slots. 

A frog’s sciatic nerve submerged in Ringer's fluid was cube. at 
one point with forceps. The electrodes were placed on the nerve and 
the strength of current (single break induction shock) was found which 
just made the gastrocnemius muscle contract when the effective cathode 
of the electrodes lay at various distances frem the point crushed. With 
the cathode 4 mm. below the point crushed the current required was 
6°7 units; 2 mm. below, 70; on the point crushed, 48; 2 mm. above, 
360; 5 mm. above, 620. Thus to get a spread of 2 mm. the current had 
to be increased to more than 50 times the threshold for the normal nerve, 
and to get a spread of 5 mm. it had to be increased to more than 80 


5 mm. may be got with a current less than ten times greater than the 
threshold.” The accuracy of localisation is increased if the slot D fits the 
nerve more closely. 


Nutrition of the embryonic chick. Part III. The assimila- 


(From the Physiological Laboratory of the University of Bristol.) 


In a previous paper (Proc. Physiol. Soc. Jan. 18, 1913) it has been 
shown that during incubation the ratio of the coagulable to the 
uncoagulable protein, i. e., of albumin to ovomucoid, remains practically 
constant, Calling the amount of albumin A and that of ovomucoid B (both 


Ratio B: 4 18 18 
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In an additional experiment at 15 days incubation the results were 
B=161; A =9°08, ratio B: A='18. The percentages of albumin and 
drum were unusually high in this case, wos the ratio was practically 
the same as in the others. oes 

In another, less complete, series of observations, similar results have 
been obtained 


of incubation Albumin N Ovomucoid N B:A 
0 1°70 1 12 
2°16 228 12 
6 3°92 54 14 
6 4°34 47 
470 57 
11 5°36 56 10 
16 4°16 46 11 
16 2°47 30 12 


Thus the quantity of ovomucoid forms a constant 1 of the 
total protein present. Two explanations may be offered for this, (1) 
that the ovomucoid and albumin are absorbed at the same relative rate, 
(2) that albumin is alone absorbed, the absorption being accompanied 
by the simultaneous production of fresh albumin from the ovomucoid to 
the extent required to keep the relative quantities of the two constant, 
the reaction being expressed thus—ovomucoidgalbumin +carbohydrate. 

If the latter hypothesis were correct, it might be expected that the 
splitting off of the carbohydrate radicles would occur in more than one 
step, resulting in the formation of mucoids of varying carbohydrate 
content, One of us has shown (Bywaters, op. cit.) that this does not 
occur, but that at all stages of chick development, the ovomucoid 
contains approximately the same proportion of carbohydrate. 

It appears then that the proteins of egg-white are absorbed at the 
same relative rate, possibly by being previously converted into diffusable 
substances by enzymes secreted by the embyro itself. 
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phosphotungstic acid, the . present is also estimated by gi 
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On the estimation of albumin N, ovomucoid N, free and = 


combined carbohydrates in the white of (incubated) eggs. By 
H. W. Bywarers. 


(From the Physiological Laboratory uf the University of Bristol.) 


I have found the following method to give satisfactory results: 
The white is carefully separated from the yolk and embryo, passed twice 


through fine linen to remove membranes and then a portion (about 


1—2 gr.) weighed out for the determination of the total nitrogen by 
Kjeldahl's method. The remainder of the white, after weighing, is 
diluted with 10 volumes of water, just acidified with acetic acid and 
boiled. If the liquid, after the coagulated protein has subsided, is at all 
turbid, the degree of acidification has not been rightly judged and a few 


drops of alkali or acid must be added and the boiling repeated until the 


liquid in which the coagulum is e is perfectly bright and 
transparent. 
The fluid is now filtered hot through a piece of fine starch-free linen 
and, after washing and pressing, the coagulum is returned to the beaker, 
and again boiled up with 100—200 cc. water. After filtering, the 


extraction process is repeated and the combined filtrates and washings 


then boiled, filtered through a rani dna filter paper and 
concentrated to about 250 c.c. 

After making up to exactly 250 C. c., 50—100 cc. are pipetted out, 
evaporated almost to dryness and the ovomucoid nitrogen estimated by 
Kjeldahl's method. The remainder is evaporated to 10 cc, and 
treated with 100 Cc. alcohol (96 °/,). The ovomucoid is precipitated, 
whilst the free sugar remains in the solution which is decanted off 
through a carbohydrate-free filter. The ovomucoid remaining in the 
evaporating basin is redissolved in 10 c.c. water and again thrown out 


by alcohol and filtered. The combined filtrates are evaporated to small 


bulk, boiled with water and alumina, and, after bringing to a convenient 


volume (25 or 50 c.c.), filtered and the sugar in the filtrate estimated by 


Pavy solution. 

The ovomucoid which has been thus freed from sugar by treatment 
with alcohol, is dissolved in 5°/, hydrochloric acid and boiled under 
reflux condenser for 14 hours. After the customary treatment with 


solution. 
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It is not necessary to take the uncoagulated egg-white. The 
following is an example of several experiments showing that the 
constituents of egg-white may be estimated as well in the coagulated 
as in the uncoagulated state :—the whites of two eggs were mixed, 
strained, and one weighed portion analysed according to the method 
detailed above, whilst the other was transferred to a small bottle, 
weighed, tightly corked and coagulated, and _ submitted to the 
analytical process. The results were 


Albumin N 102 1·86 
Ovomucoid N 81 82 
Free sugar 82 


(Par exe of un work wat by aan fom te Golson Reve 
Fund.] 
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A new method of artificial respiration for small animals. 
By L. Gotta and W. 

The following method was devised to carry out b artificial respiration, 
with tracheal pressure changes resembling, in form, amplitude, and sign, 
those which accompany the corresponding movements of spontaneous 
breathing. 

The skin of the fully anesthetised animal is divided, by an incision 
passing around the trunk immediately above the hips, and reflected as 
far headwards as the forelimbs permit. The chest is freely opened. 
The trunk is then inserted in a plethysmograph (Mosso's model) of 
suitable diameter, which is passed as far headwards as possible beneath 
the skin, The skin is drawn tailwards, over the plethysmograph, as far 
as it will go, and secured to the latter by three or four turns of arenes 
rubber tubing. 

Inspiration is effected, by aspirating air from thie plethysmograph, 
by means of an ordinary respiration pump. Expiration is produced by 
recoil of the expanded lungs, which is enabled, either by a constant 

aperture (byepass) in the plethysmograpb or, in the absence of byepass, 
by return of the aspirated air from the pump barrel. 
During the a of the animal, — is carried out by | 


insufflation. 
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On changing from insufflation to aspiration, the tracheal cannula is 
provided with a rubber sleeve bearing a constriction to take the place 
of the glottis. With this artificial glottis suitably adjusted, the changes 
in lateral tracheal pressure, which accompany aspiration and recoil, can 
be made to resemble closely those of normal breathing, and variations 
in them afford a sensitive index of alterations in the calibre of the 
bronchial air way. 


: Under such conditions it is . that the lateral tracheal pressure 
waves will be diminished in amplitude by bronchial constriction, and 


vice versa. 

5 appropriately varying the preparation, the plethysmograph may 
be used, in conjunction with a volume recorder, to register the respira- 
tory expansion either of a spontaneously breathing, or of an insufflated, 
animal. For this purpose Locke’s new model ro recorder”) is par- 


The innervation of the 8 muscle. By Fr. L. G0 
and W. L. Symes. comenuniontion. ) 


As a side issue of other work, we have 8 by a eer 8 


of suspension, movements of the is portion of the — trachoals 
of the cat. | 

As found with another method, by Kahn, on the 1 the * 
contracts on excitation of the superior laryngeal, and relaxes on intra- 
venous injection of adrenalin. _ 

We find further that it is relaxed by excitation of the cephalic end 


of the cut annulus of Vienssens. Pilocarpine produces contraction, 


atropine and nicotine relaxation. We have failed to produce contraction 


By F. L. Gotta and W. L. Symes. (Preliminary communication.) 


According to Dixon and Brodie’, adrenaline is usually without 
action on the bronchioles. Januschke and Pollak: state that it 


nn otan slight dilatation. After previous administration of muscarine 


1 J. Physiol, Xxrx. 1908. 
Arch. f. exp. Pathol. u. Pharma kol. Lxvi. 1011. 
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(Januschke and Pollak) or of physostigmine (Dixon and Ransome’) 
this‘dilatation by adrenaline is said to be increased. 


In our hands adrenaline has usually produced unmistakable 
constriction of the bronchioles (rabbit and cat). 

Dilatation has only appeared after previous 3 of . 
constriction by other drugs. | 

The constriction by adrenaline has shown itself in alteration, both 
of the lateral tracheal pressure and of the pulmonary expansion, and 
is accompanied by marked increase in the mean pulmonary volume 
(Lungenaufblähung) This effect is not diminished by previous in- 
jection of doses (10 mg.) of atropine 


Tracing of lateral tracheal pressure, rabbit (lower curve), showing constriction of air-way 
dy O-L mg. of adrenaline chloride, Artificial respiration by aspiration (v. supra). 
The constriction is 
Time tracing shows minutes. 


effect of adrenaline is reversed be previous administration of curaré 
or pilocarpine, as well as by muscarine and physostigmine. 

Amongst other drugs which affect the bronchioles in the same way 
as adrenaline, i.e, whose normal constrictor action is reversed by pilo- 
carpine etc., are epinine (3:4 dihydroxyphenyl-ethyl-methylamine), 
tyramine (p-hydroxyphenyl-ethylamine), methylamine, ethylamine, and 
isoamylamine, the last three of which are relatively feeble in both 
directions. 

Ergamine 5 bas not, with us, ever N 
bronchial dilatation, — | 


a J. Physiol. xxv. 1918-28, 
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An observation on the emigration of leucocytes, By W. w. 
WALLER, B.A. Oxon. 


The emigration of leucocytes was first described and 3 in 1846 
by Waller from observations made upon the toad's mesentery and upon 
the frog’s tongue. In 1867 the phenomenon was again described by 
Cohnheim. The two descriptions differ in detail and are obviously 
independent of each other. According to Waller the leucocytes ‘pass 
out by dissolving the capillary wall and migrate’ toa distance of about 
0-08: mm. from it. | 
In watching for the process of diapedesis I became very V fully, 
convinced of the truth of Coh nheim’s statement that it is difficult to 
concentrate the attention so as to witness the actual emigration with 
absolute certainty. 1 attempted therefore to obtain serial photographs 
exhibiting leucocytes in the act of traversing the vessel wall. And 
although I have not succeeded in obtaining a successful series, the 
attempt has led me to make observations of diapedesis that are as far as 
my reading goes of a novel character. 

Muy observations were made at the Institut Marey upon the 88 
of angesthetised frogs, series of photographs of a selected vessel being 

taken at intervals of 10 to 15 minutes for three to four hours by means 
of an apparatus devised by Mr L. Bell in which the mesentery could be 
observed and focussed at the same time as it was being photographed. 
Each photograph represented an actual area of mesentery of 100 x 
140% or 0014 mm? magnified 180 diameters by a 1/6 Zeiss apochro- 
matic objective used as an immersion lens with normal saline in contact 
with the mesentery. A definite and easily recognisable vessel of 20 to 
25 %½ in diameter was taken as land-mark and kept in position in the 
field by means of a mechanical microscope stage. The mesentery was 
arranged horizontally, the intestine, being laid round a cork ring 1 om. 
high and 1 cin. in diameter fixed to the frog · board. 

Results. Although on several occasions I was able to be sure that 
emigration of leucocytes actually took place, I was not so fortunate as to 
obtain a single series of photographs clearly exhibiting successive stages 
of the process. But in the course of the preliminary preparations and 
observations that were necessary, I observed quite clearly a form of 
diapedesis which has not as far as I know been previously described and 
of which I was able to obtain photographs exhibiting the appearance of 
the mesentery before and after the diapedesis had occurred. The process 
W és after the mesentery had been exposed for two to three hours in 
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effected its passage through the vessel in about two minutes, 


SOCTRTY, JUNE 7, 101i. 


vessels of a diameter of about 30% in which stasis had taken place, At 
a given spot in the vessel wall a series of four or five leucocytes could be 
i to follow each other out and to travel by the same track to 
a distance of 30 to 50, where they settled and coalesced into a granular 
clump. considerably larger than a single leucocyte. Each leucocyte 


Fig. A (80 mins.) Fig. B (250 mins). 


Fig. A. Photograph taken 30 minutes after exposure of mesentery, showing a capillary 
of 80 diameter, dividing into two branches The blood is flowing downwards in 
the figure, and too fast for individual corpuscles to be seen, The walls of the vessels 
are shown as dark interrupted lines, between which the central axial current is 
recognizable as a dark core and the peripheral plasma layer as a light zone on either 
side of the core. A stationary red cell is seen caught and bent at right angles at the 
angle of bifurcation. Near the left border of the photograph, about half way up, is 
seen the outline of a pear-shaped leucocyte; 1 4 (8 mm. long in the figure, i. e. 16 4 
actual size), the narrow end of which is still attached to the vessel wall. 
Fig. B. The same field, shifted slightly upwards, as that shown in Fig. A, photographed 
250 minutes after exposure. The diameter of the vessels is unaltered. The blood is 
stagnant and coagulated and contains a large proportion of leucocytes. The mesentery 
contains several ‘‘clumps” of emigrated leucocytes. One of these, 2, is seen near 
the right hand border of the figure towards the top. This “clump” is about 
20x10 and is joined to the vessel wall by a stalk about 2» in width, The 
position of the emigrated leucocyte seen in Fig. A is now occupied by a “ clump” of. 
leucocytes, 1 B. 
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“prolongation of 
frequency after muscular exertion. By A. D. WalLER. 


T take as a normal standard of reference the following values : 


Pulse-frequency interval Systole Diastole Cycle 
19 pertain. seo. 860. 3/6 %. 5/8 Bee. 02 
0°17 0-84 051 085 


in 17 secs.): 


and ‘comparing with it e 9. the following (20 min. after work 1200 


62 per mn. 0.25 040 0-78. 


thease interval is By 


and still more so relatively to the length of systole or to the length of 
the cycle. 

It is noteworthy further that the one to five ratio between length of 
AV interval and length of cycle appears at normal frequencies consider- 
ably above and below the normal frequency in the human subject. 


Thus = I find the following’ values: 


Pulse-frequency v interval Cycle interval to cycle 
024 120 0-2 
„„ 0-85 0-2 


A- V A-V 
net = 0°14 sec. 
gross=0°25 „ 
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The record is that of a normal subject (Mr L.) during the 4th minute 
after a short sharp spell of muscular work (1200 KgM in 20 secs.). The 
values before and after work were as follows: 


; interval Systole Diastole 
(per min.) 8 (secs. ) (secs.) 2 
Before work 70 0°18 (0°09 net) 032 0˙58 sé 


1 min. after 162 0-14(0-06 „) 021 016 0:87 
4-5 mins after 111 0-25 (0-25 „ — 0:29 0-54 (see Pig. 1 


20 mins. after 76 022 (0-13 „) 0-29 0:50 079 (see Fig. 2) 


1 sECOND 
fe net=0-18 sec, 
„* gross=0°22 „ 


The cyele is longer than in the previous figure and the A- v interval shorter, although 

not yet quite as short as the normal of this subject. 

It is clear from the above example that with increased frequency of 
the heart’s contraction consequent upon muscular exertion the accelerated 
systole is not accompanied by accelerated auriculo-ventricular conduction. 
On the contrary, after the first minute subsequent to exertion, during 
which the A-v interval (gross) exhibits a slight absolute diminution, the 
interval is distinctly prolonged up to, and beyond, the 20th minute when 


the frequency is still slightly raised and the systole slightly shortened. . 


L attribute this prolongation to the slight acidification that must 
accompany muscular contraction, which, as shown recently by G. R. Mines 
in the perfused frog’s heart, causes a marked prolongation of the A-v 
interval. I have not yet made any attempt to determine whether such 
acidification should be regarded as the direct consequence of increased 
activity of heart muscle, or as the indirect consequence of increased 
activity of skeletal muscle by an alteration of the blood. 

A similar prolongation of the A-V interval appears to “5 produced in in 
the state of dyspnea. 
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Possible errors in the estimation of creatinine and creatine 
by Folin’s method. By G. Granam and E. P. Poutton. 


The colorimetric method of estimating creatinine was stated by 
Folin to be interfered, with by acetone, aceto-acetic acid, and aceto- 
acetic ester. There is considerable disagreement as to the effect of 
these substances on the estimation of creatinine. Some observers 
maintain that they have little or no effect, but others, and among them 
Greenwald’, have found that aceto-acetic acid causes a considerable 
error. 
The experiments which we have made confirm the fact that these 
substances give an orange colour with picric acid and soda. But when 
sodium aceto-acetate is added to urine or to a solution of creatinine in 
water, and tested with picric acid and soda, the resulting solution is 
not darker in colour but is lighter than the urine or creatinine solution 
treated separately. This alteration in colour increases with the amount 
of aceto-acetic acid present. Wolf and Osterberg and Rose failed to 
observe this effect because they added the ester of aceto-acetic acid .to 
the urine, which only makes the colour slightly lighter even when 
present in large amounts, Acetone in urine also diminishes the colour, 


but 8-oxybutyric acid does not have any effect, even if seus in a 
amounts. 


1 Journ. Biol. Chem. x1. 
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The error caused by the aceto-acetic acid will make the estimation 
of the creatinine too low, and as in the estimation of creatinine + 
creatine the aceto-acetic acid is distilled away there will be a differen ce 
between the total creatinine and the preformed creatinine. This 
difference will be ascribed to the presence of creatine, 

Greenwald suggested that the aceto-acetic acid should be removed 
by extraction with ether and the ether removed by subsequent aeration. 
We published a method in Oct. 1912' which is perfectly effective for 


small amounts of aceto-acetic acid and we have now adapted it for 


larger amounts, as it is much simpler than the method recommended by 


- Greenwald. 10 cc. of urine are heated with 1 cc. of 10% phosphoric 


acid for 30-45 minutes under reduced pressure between 65° and 70°C. Air 
is allowed to bubble slowly through the solution by means of a capillary 
tube in the usual way. The flask is cooled and the picric acid and 


‘soda are added after neutralisation and the estimation is then carried 


out. Creatine is not converted into creatinine by this method and the 
aceto-acetic acid is almost completely removed and no 8 interferes 
with the reaction. 

Using this method, we have investigated the creatinine and creatine 
excretions of three individuals on a diet of fat and of protein and fat. 


In no case was any creatine excreted, and we have come to the 


conclusion that absence of carbohydrates from the diet is not necessarily 
associated with the appearance of creatine in the urine. | 


The after-image of white on coloured surfaces. me W. 


EpRIDGE-GREEN. (Demonstration.) 


If a piece of white paper about 3 inches square be placed upon 
a piece of coloured paper, a small black dot having been made in the 
centre of the white paper and this be viewed for three seconds and 
then the gaze be transferred to a large sheet of white paper of exactly 
the same nature as that occupying the centre of the coloured paper an 


after-image of the white paper will be seén of the same colour as the 


coloured paper but darker than the white paper. 
This experiment may be made with spectral colours or with a 
lantern with coloured gelatine and a white centre. 


The fact is explained by the flow of photo-chemical gsi from the 


peripiry to the centre of the retina. 
1 Journ. Med. vi. p. 62 
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4 — recording By N. 
(Pharmacological Department, University. College, London.) 


This tipper (see Fig. 1) consists of a small spoon on the end of a 
rod, which is supported on a pivot at B and balanced by a counter- 
weight C, which can be moved away from or towards the pivot. The 
rod is continued beyond the pivot to a support D and ends in an iron 
expansion. Below this is fixed a horseshoe magnet M, acting on the 
iron expansion but prevented from actually touching it by the screw 
support D. As the water to be measured flows into the spoon, the 
latter is held in position by the counterweight and the magnet, but 
when these are overcome, the spoon descends suddenly and a platinum 
point on the rod strikes on the platinum point Z, thus closing the 


cireuit connected to an electric signal on the drum. The point E may 


Fig. 1. 


be moved 3 or downwards when necessary by moving the 
triangular plate on which it is supported and which is isolated by 
vulcanite from the rest of the apparatus. When the spoon is emptied, 
the weight swings back into position where it is held by the magnet. 
The latter is the essential feature of the apparatus, as when its attraction 
is overcome, the bar moves with a sudden jerk, which is not present in 
a merely counterweighted bar. The amount of fluid sufficient to move 


the spoon may be varied considerably (1-5 c. o.) by moving the weight 
and adjusting the distance between the magnet and the bar by — 


of the screw at D. 
The tipper is made by C. F. Palmer. 
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Blood dissociation 55 Pouurow and 
J. H. Ryrret. 


Sehlayer and Straub (Minch. Med. Wook, LIX. 560) hese shown 
that the pressure of alveolar carbon dioxide in cases of uremia is 
- definitely below normal, as might be expected from the marked byper⸗ 
pnoea which these cases exhibit. 

We have attempted to throw some light on the evident 8 
of the respiratory centre in such cases by determining simultaneously 


their alveolar oxygen and carbon dioxide, and the lactic acid, urea and | 


dissociation curves of their blood. 

The urea was determined by the hypobromite method after eating 
the proteins by the addition of alcohol, the lactic acid by the method 
described by one of us (This Journal, xxx1x. p. v. 1909), and the dis- 
sociation curves by the method of Barcroft with the use of A. V. Hill’s 
formula — Journal, XI. p. iv. 1910): 

100 


where y= the percentage saturation of hemoglobin with oxygen, «= the 


oxygen pressure in mm. Hg, u is a constant for human blood = 2°5, and 


K is determined. 

The cases were all men, They were all dyspncic. None had 
convulsions, but Case I showed slight twitching, Case IV had marked 
gouty deposits and some pericarditis. The results were as follows: 


‘Blood 


Alveolar air ‘Dissociation curve 

005 03 saturation urea acid 

Case Age mm, mn. mm. per cent. 10 per ent. per cent. 
40 61 157 036 0-018 
1 14 1852 29-4 44 167 0-34 0-018 

II 29 119 27-4 «824 12 0028 
263 34 1-46 021 0080 


The percentage saturation of the blood calculated for 30 mm. 
pressure of oxygen would be: Case I 43°7, Case II 45:1, Case III 375, 
Case IV 418. The results obtained by Barcroft on normal individuals 
at rest with the same pressure of oxygen range from 63 to 52 per cent, 
saturation. The normal alveolar carbon dioxide pressure is about 
40 mm. Normal values for lactic acid in blood are about 0015 per 
dent., but may be up to 0020 per cent, The. urea of the blood would 
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not normally be above 0°08 per cent. on a diet similar to that of these 
patients. 

The results show that the blood of these patiehts takes up oxygen 
with abnormal difficulty in spite of the low pressure of carbon dioxide 
present. This effect would be produced by the presence of excess of 
acid in the blood. There can scarcely be said to be excess of lactic acid 
present except in Oase IV, but, as there is marked retention of urea, 
acids, which would be normally excreted in the urine, may very well be 
retained. 

As there was the possibility that the meionexy in these cases thight 
be directly connected with the high percentage of urea in the blood, 
a control experiment was made, in which 39 % urea was added to 
normal blood (E.P.P.’s). The dissociation curve was found to be the 
same as that of J. B's at 40 mm. CO, pressure, i.¢. at an O, pressure 
of 30 mm. the percentage saturation was 58. Hence the addition of 
urea to blood does not cause the dissociation curve to shift to the 
right. 

We wish to thank Dr Hale White, Dr Pitt and Mr N 
for facilities for examining their cases. 


| — blood with hydrasin hydrate. By 
A. BUCKMASTER. 


Crom the Institute, College, 


Curtius, the discoverer of hydrazin, drew attention in 1889 to 
the rapid disappearance of the absorption bands of oxyhemoglobin 

on addition of hydrazin sulphate’. Hüfner“ in 1894, used hydrazin 
hydrate, a definite amount of a 50 % solution for the reduction of 
oxyheemoglobin. V. Zeynek* showed that when hematin is reduced 
with hydrazin hydrate no other product than hwmochromogen is 
obtained, and Pregl‘ has utilised this reaction to prepare carboxy- 
hemochromogen for quantitative analysis. ; 
5 Using hydrazin hydrate N/1 solution, or even with solutions twenty 

times as strong as this, I find that when the reactions are carried out 


in . coated with solid paraffin no constituent of the blood 12 892 


1 Journ, f. prak, Chemie, 8. 27. 1889. 
Arch. f. Anat. u. Physiologie, S. 156. 1894. 

Zeitsch. f. physiol. Chemie, xxv. 8. 492. 1898. 
id. xurv, 8. 173. 1906. 
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SOCIETY, JUNE 28, 191. ‘sia 
than l decomposes hydrazin. No constituent of serum 


will do this. 
The volume of nitrogen evolved is equivalent exactly to the volume 


of oxygen removed, and hydrazin hydrate can be added to blood and | 


nitrogen measured. 
NH,. NH, . H, O Hb O. = N, + 3H,0 Hb. 


Special methods are necessary to avoid any re- conversion of 
into oxyhæmoglobin. 


The method yields nitrogen gas equivalent to the oxygen - yield with | 


the ferricyanide method’, but, unlike the latter, hydrazin does not 
liberate carbon monoxide from carboxyhsmoglobin, nor is there any 
liberation of gas when hydrazin of the strength employed is mixed with 
reduced hemoglobin. 

It is therefore possible in a given sample of blood which contains 


oxyhemoglobin, hemoglobin and to determine the 


relative quantities of these. 


Example: 
Dogs’ blood 0. e. per 100 0. 
Total oxygen content 15˙1 
1 By ferricyanide of potassium 148 
By hydrazin hydrate 156 
Total oxygen content 148 
II By ferricyanide of potassium 14°5 
By hydrazin hydrate 14-2 
Ox blood 
Total oxygen content = ‘- 18°87 
Buy ferricyanide of potassium 
By hydrazin ; 18°8 
Dogs’ blood saturated with carbon monoxide 
By hydrazin 
By ferricyanide of potassium „ 
Ox blood saturated with carbon monoxide 
By hydrazin „ 
By ferricyanide of potassium 18˙1 
The values given above do not represent the actual gas- content in 
100 Ce. of blood, since the samples taken were diluted to an unknown 
extent with normal saline or solutions of hirudin. | 


1 Haldane. Journ. of Physiol. XxII. p. 298, 1898. 
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of the human P.-R. interval. By THOMAS 


Department, University College 
Medical School.) 

The time between the onset of systole in and 
is now com monly adopted as an index of the efficiency of those conducting 
tissues which join the auricular and ventricular portion of the heart. 
In the human subject this interval is conveniently 1 8 8 8 by taking 
the P.-R. interval in electro-cardiographic curves. 

In 52 young adult male subjects, the P.-R. interval was found by 
Gilder and Lewis to vary between 0°13 and 0-21 seconds. The most 
frequent measurements are from 0°13 to 0°16 seconds; the maximum 
value 0°21 seconds, was seen on a solitary occasion ; intervals of 0:18 
and 0°19 seconds are Trans. Soc. B, 367. | 
1912). | 


TABLE I. 
P- R Ventricular 
Date Mechanism interval 
1 P's case —/12/09 Myooatditis Regular response 88 em 
2 T’sease / 4/10 Mitral stenosis, eto. Dropped beats 2632 87 
3 Hoxford 18/11/10 Exophthalmic Dropped beats 2630 95 
4 Osmond 20/12/10 ‘Regular response 26 107 
(On digitalis) Dropped beats 24-30 104 
5 Webber 1 Mitral 
| after exercise) 3 : 
23/4/11 . (Off digitalis) Regular response 26 


94 
6 Walderstrom 30/11/11 Infection of bladder Regular response 30 69 
Dropped beats 60 

Regularresponse +35 90 
101 

91 

115 


7 Ganefield 27/1/11 Aortic disease, ete. 
8 Davis 30/11/11 Myocarditis Regular response 52 
Dropped beats —= «41-54 
9 Coleman. 6/12/11 Early mitral Dropped beats 1937 
10 Stallwood 14/12½11 Myoearditis Regular response 38 120 3 
11 Flemming 27/11/13 Aortic disease, eto. Regular response 38 81 4 
12 J. Lewis 19/6/18 Myocarditis Regular response 45 48 8 


In pathological subjects the P.-R. interval may be greatly prolonged ; 
intervals of 0 ‘30-0'35 seconds are not infrequent and, as accompaniments 
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of regular and associated (as opposed to dissociated) heart-action, 
intervals of 0°45 and even 0°50 seconds may be seen (Table I and 
Fig. 2). Where an occasional response to auricle is missed, the in- 
tervals which precede the disturbance are often very wide; the highest 
yet recorded is seen in Fig, 3 (P’-R.”) and amounts to 0°54-0°56 


Fig. 1. „. Prolongation of the P. -x. interval to 50 second. 
Fig. 2. „ . Prolongation of the P. -A. interval to 50 second. 


coincides with the middle of the preceding ventricular curve (R, 7). 

Fig. 8. * . From the same subject as Fig. 2; showing a gradual prolongation of the 
p.-R. interval from 41 to 54 or 56 seconds, and the gradual retreat of P until it falls 
with the preceding R summit. When the auricular contraction comes to occupy 


The 3 of the Marchi en in nerve degenera- 
tion, and its application as a specific stain for unsaturated 


ordinary fats. By W. Cramer, H. O. Friss and W. 2 
Preliminary communication. 


Quantitative chemical estimations were made of the lipoids present 
in normal and in degenerated nerve fibres. By the method used in 
these investigations the lipoids estimated, in the form of phosphatides, 


.cerebrosides and cholesterin represented 100°/, of the total lipoids 


present, an indication of the accuracy of the method. The application 
of the method to degenerated nerve fibres two or three weeks after 


a lesion showed that ordinary fat is morte | in the process of dege oy 


No cholesterinesters are formed. 
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From histo-chemical observations it was found that the substance 
which is responsible for the Marchi reaction in degenerated nerves: is 
soluble in acetone and is not double-refracting, in contrast to the 
double-refracting myelin of the normal nerve fibre. 

Experiments with pure chemical substances representing the 
different lipoids present in normal nerve fibres showed that cholesterin, 
lecithin, protagon or mixtures of these lipoids in varying proportions 
do not stain with osmic acid after previous treatment with bichromate 
(Marchi method), provided that they are exposed to the bichromate 
solution in a thin film. The blackening of olein by osmic acid, on the 
other hand, takes place even after treatment with bichromate. 

The statement that cholesterin and protagon are not stained black 
by osmie acid, i.. do not reduce it, is erroneous. If osmic acid is added 
to a chloroform solution of these lipoids, the solution gradually darkens 
and assumes a greyish-black colour in the case of cholesterin, a brownish- 

black colour in the case of protagon. If, on the other hand, a watery 
solution of osmic acid is applied to dry cholesterin or dry protagon no 
reduction, ie. no blackening, takes place. In normal nerve fibres 
cholesterin and protagon are presont in a condition which renders them 
capable of reducing osmic acid. 
Our investigations show that fat is in 
the process of nerve degeneration, further that such fat is responsible 
for the Marchi reaction, and, lastly, that the Marchi reaction is a specific — 
stain for ordinary unsaturated fat. | 

By fixing a piece of tissue in Miller's fluid (either directly or after 
previous fixation in formalin) and then treating it with a mixture of 
about one part of osmic acid and two parts of Miiller’s fluid, or even 
by fixing the tissue directly in that mixture, it is possible to differentiate 
histologically between ordinary unsaturated fat and all other unsaturated 
lipoids, such as lecithin for instance. By applying this method to 
‘normal organs it was found that, apart from the fat cells of adipose 
tissue, which have been known to stain by the Marchi method, ordinary | 
unsaturated fat is present always in the form of fine droplets in the 
cells of the following organs: the cortex of the adrenal gland, the 
corpus luteum, the testis, the lactating mammary gland, It is almost 
always present in the convoluted tubules of the kidney of the cat, but 
not in the normal kidney of other animals The. cells of other normal 
organs were found to be free from ordinary unsaturated fat. 

_ A detailed account of these e will be . later. 
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Observations on respiration and metabolism in cardio-renal 
patients, with special reference to acid intoxication. By THomas 
Lewis’, J, H. Ryrre., C. G. L. Worr, T. Corron, G. L. Evans and 
J. BARORorr. 


The research of which the 1 is a preliminary account arose 
from an attempt to investigate certain cases of dyspnea in which there 


is little and sometimes no cyanosis and in which the physical signs 


seemed inadequate to account for the obvious distress in breathing. 

Two preliminary cases showed a degree of meionexy comparable 
with that observed as the result of physical exercise in normal 
individuals; this as at high altitudes was accompanied by a low alveolar 
pressure of CO, (under 30 mm.) and inferentially by a marked blood 
acidosis. 


The research was extended so as to investigate the nature of the 


acid produced and gain information concerning any derangement of the 
metabolism which might take place. 
I. Clinical (Lewis). As a result a group of clinical cases has been 


isolated in which dyspnea is a prominent symptom but which differs from 


the majority of cases of dyspnoea by the absence of what might be 


regarded as an equivalent cyanosis. Clinically and pathologically the 


cases are ones of cardiac and renal degeneration, though the actual 
lesions are not distinctive. Amongst the common symptoms are 


(1) dyspnoea without cyanosis or with but slight grade of cyanosis, | 


(2) Cheyne-Stokes breathing is an almost but not quite constant associa- 


tion, (3) nocturnal attacks consisting of feelings of suffocation often 


sufficiently intense to merit the term “cardiac asthma, (4) restiveness 
and a relatively high pulse frequency, both of which are more conspicuous 


in the evening, (5) thirst. - its fully developed form it shortly ends 


fatally. 

The following are the estimations from typical cases; for comparison 
are given similar data for a case of dyspnœa accompanied by cyanosis, 
and two control cases, one a gastric case, the other a control appendix 


abscess. 


A type of case of “cardiac asthma” has been isolated in which in 
the milder cases, the urea, non-protein nitrogen, lactic acid in the 
blood remain normal but which are characterised by fall in the alveolar 


CO,, meionexy and acidosis, The fundamental factor being an increase 


of proportion of acids (exclusive of CO,) to bases in the blood. Shortly 
before death these symptoms become much increased and in addition 
there is increased lactic acid and urea (hypobromite) in the blood. 


1 A portion of the expenses of this research has been borne by grants from the 
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_ PHYSIOLOGICAL SOCIETY, 
| June 28, 1913. : 


 ‘Bffect of respiration on the pulse rate. ‘“‘ Dog-pulse.’’ 
By A. D. WALLER. 
In the dog—as is well known—the respiratory variations of pulse- 
frequency are particularly obvious—inspiratory increase, expiratory 
decrease. In the record now before me of a perfectly normal dog the 


range of frequency is between 64 per minute during expiration and 


180 to 190 per minute during inspiration. 
Similar variations occur in the normal human subject, especially in 
young subjects. In the record of a normal dog (Fig. 1) the pulse-rate 


ranges from 64 to 66 in expiration to three times that rate in inspira- 


tion; in that of a perfectly healthy young woman (Fig. 2) the range of 
frequency is between 48 during expiration and 100 during inspiration. 
In that of a child aged 34 years (Fig. 3) the range is between 70 during 


expiration to 120 during inspiration. Whereas in that reproduced in 


Fig. 2 of the next communication there is no obvious variation of 
frequency in the two phases of respiration. 

In addition to such variations of frequency whieh: are most easily 
studied by means of electrocardiograms, variations of amplitude occur, 


which are best studied upon records taken simultaneously with records 


of the respiratory movements, as has recently been described by 


Einthoven (Pfliiger’s Archiv, Vol. cL. p. 275. 1913). In his records, 


eg. Figs. 5 and 6, the pulse-frequency appears to be lower during 


inspiration than during expiration, t.e. from 54 to 88 per minute. 
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In the records now shown the frequency is obviously increased : 


with inspiration, decreased with .expiration. And so far I have not 
met with any exception to this relation. Einthoven on the other 
hand has found that in some of his subjects the maximum heart- 
frequency occurs in the extreme inspiratory position, while in others 
it occurs in the extreme expiratory position. “Infantile pulse, 
or as I usually call it, dog-pulse,” is a very variable phenomenon ; in 


some persons, as in the case from which Fig. 2 was taken, it is quite 


obvious to palpation’. In others, as in that from which the record given 
in Fig. 1 of the next communication, it appears only when the breathing 
is voluntarily made slower and deeper. In others finally, as in the case 
of A. D. W. (Fig. 2 of the next communication), 1 és _ not 
even with slow — respiration. 


electrical axis of the heart. By A. D. WALLER. : 


Variations in amplitude of the electrocardiogram itself occur in the 
two phases of respiration as was first pointed out by Einthoven, who 
has recently (Pfltiger’s Archiv, Vol. ct. p. 275. 1913) given a geometrical 
construction and tables for the calculation of the axis from corrected 
values of R for his three leads. He calculates that the axis rotates 
through an angle of 36° with forced respiration. , 

As shown in his Figs. 1 and 2 these variations of amplitude are 
particularly obvious in the case of the transverse lead viz. inspiratory 

decrease and expiratory increase as the diaphragm falls and rises. 
Similar variations of amplitude are witnessed in records taken by 
other leads, especially by the left lateral lead. But in this case, as may be 
seen in Fig. 1, we have inspiratory increase and expiratory decrease. 
With the right lateral lead the variation of amplitude is less pronounced, 
in the sense of inspiratory decrease and expiratory increase. 

These indeed may be taken as the regular relation presented by 
ordinary healthy subjects as illustrated in Fig. 1 by the case of B. O. B. 
and may be memorised by taking as point of departure the statement 
that the electrical effect with a “weak” lead is increased with inspiratory 
descent of the diaphragm ; from which follow naturally (1) that the effect 

In this ease it was completely abolished by brief muscular exercise, when the 


pulse rate became regular at 160 falling to 150 and 140; the phasing reappeared at 
a mean pulse · rate of about 100, and ranged from 80 in expiration to 110 in inspiration. 
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with a “strong” lead is decreased with inspiration, and (2) that the 

effects are reversed with expiration. 
But this does not complete the account of the relations. In “normal” 

subjects possessing “ broad” hearts of a type that I have characterised 


Fig. 2. The case of A.D. W. F 
as the cor breve et molle, the principal electrical effect with a weak lead 
such as the left lateral is reversed—negative instead of positive. This 
negative effect, as shown in Fig. 2, is diminished with inspiration, increased 
with expiration. These changes may in effect be regarded as harmonising 
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with those observed in the previous case inasmuch as diminution of 
a negative effect is tantamount to augmentation of a positive effect, and 
augmentation of a negative effect to diminution of a positive effect. As 
regards the right lateral effect in such a case the alteration of magnitude 


is not very well marked; the electrical effect appears to be greater with 


inspiration smaller with — the reverse of what is observed 
in the case of Fig. 1. 


Calculation of the inclination of the « electrical 1 of the 
heart. By A. D. WALLER. 


In a recent communication to the Royal Society I have given 


a formula for the calculation of the angle formed by the electrical 


axis of the heart with the vertical from oe relative magnitudes of the 


right and left lateral spikes, viz. tan a= 35° Thus if eg. the right 


RTL" 


lateral is 1 as large as the left lateral, both spikes being positive: 


tan a = 2 Fi 087 and a = 34°; or if the left lateral is negative, 
tan a= 2225 16, .a=81", 


- Calculating from the inspiratory and expiratory values of the right 
and left lateral spike, we can obtain the inspiratory and expiratory 
values of the cardiac angle a, and therefore the angular value of the 
rotation of axis that occurs with normal and with forced e 

In normal respiration the range is of about 12“. 


In the two cases here considered, the values of the 5 spikes ; 


and . the angle a come out as follows: 


5.0. B. Fig 1 R. ten L. lateral tens 2 


Expiration 27˙5 6˙5 122 515 
A.D. W. Fig: 2 
‘Inspiration 105 -5 5-64 80° 
Expiration 65 -125 -638 99 


Calonlated in ag with Einthoven’s method the values came ont: 
for B. O. B. 22° and 47° (or 68° and 43° to the horizontal), 
for A. D. W. 78° and 100° (or 12° and 10° to the horizontal). 
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The PR. ” interval in human electrocardiograms and its 
relation to exercise’. By Tuomas Lewis and Tuomas F. Corton. 


— the Cardiographic Department, e College Hospital.) : 


Simple acceleration of the auricular rate, as induced by stimulation 
of the auricle with rhythmic induction shocks, usually has little effect 
upon the P.-R. interval (Lewis and Oppenheimer for the cat’s heart; 
Quart. Journ. of Med. Iv. 147. 1910-11). A trifling reduction of the 

P.-R. interval may be noticed in such experiments. 


Period of acceleration Natural heart beat 
1. Rate of heart P.-Re Rate of heart 
Ist experiment 0987 184 107 116 
2nd re 109 180 121 110 
110 168 109 


greater than · 003 second. Measured with the Lucas microscopic comparator. 


when conduction is already damaged, is very considerable; it leads immediately to a 
greatly enhanced degree of heart-block, as Lewis and Oppenheimer have shown. 


Upon these and similar observations’ the view was based that 
normally the special conducting tissues have a considerable reserve. 

The immediate effects of brief and strenuous exercise, sufficient to 
produce laboured inspiration and considerable acceleration of the heart's 
action, is an almost constant reduction of the P.-R. interval. The 
reduction usually amounts to 01-03 secs. It may be due in part 
directly to acceleration: more probably it is the outcome of a sym- 
pathetic nerve effect upon the conducting tissues. The electro-cardio- 
gram (lead II) is changed in form immediately after exercise; P and 
T are notably and almost constantly increased in amplitude, R is almost 
always decreased in amplitude, Q and S are less conspicuously increased. 
The conspicuous changes are precisely those which Rothberger and 
Winterberg (Pfltiger’s Archiv, Cxxxv. 506. 1910) recorded in dogs 
upon stimulating the two stellate ganglia simultaneously. see? 

As the rate after exercise falls to normal in the healthy subject, the 
length of the P.-R. interval quickly reverts to its original value (usually in 
three to five minutes). During the subsequent fall of heart rate normal 
values are maintained; it is the rule to find the original value 
maintained, but the intervals may decrease a little or increase a little. 


1 The expenses have been 
2 Mechanism of the Heart Beat, p. 234, 1911. 
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Such variations from the original have not exceeded 0018 second in 
these observations. 


I! patients in whom there is a primary defect of conduction, the immediate effect of 

exercise’ is (Turnbull, Heart, n. 15. 1910; Lewis, Heart, u. 210. 1912) a decrease in 
the degree of the defect; this is, relatively, of considerable duration. When the rate 
falls after exercise, the impairment of conduction is most prominent and high grades of 
heart-block are often enoountered (Turnbull and Mackenzie, Heart, u. 298, 358. 1911). 


Name Age Rate P.-R. Rate r. Rate Form of exercise 
E. P. O. 483 20 838 1s 136 1 115 5mins.with weights}. 
C. L. 30 14 108 “18 147 “13 187 5mins. ball punching. 
J. Mel. 39 ‘186 92 187 153 140 144 5 mins. with weights. 
M. Ka. 29 148 81 14 133 149 120 5 mins. with weights. 
M. Ki. 26 166 68 187 118 158 89 5 mins. with weights. 
8. G. 44 ‘190 69 164 118 ‘168 109 8 minutes skipping, 
— Rate r. Rate r. Rate Rate r. Rate r. Rate 
5 before 1467 97 160 86 166 75 144 75 174 80 158 55 
0-4 140 156 7-118 168 150 147 136 144 177 142 144 105 
1148 150 126 150 154 1385 186 126 179 188 140 90 
146 126 150 111 27168 104 144 105 190 107 145 83 
iG 158 113 157 107 169 96 141 100 186 102 151 78 
. 154 101 160 107 165 100 137 #108 192 104 150 76 
1 150 107 154 103 160 98 140 94 190 102 155 77 
1 146 103 154 100 154 96 144 94 188 101 150 77 
18 152 107 156 97 156 95 141 92 183 105 1490 71 
15 152 102 160 92 166 98 142 85 188 91 152 74 
17 142 180 152 94 1663 94 1839 96 188 95 146 71 
(interruption) 
19 150 118 156 96 156 92 142 86 182 98 150 70 
21 — — — — 186 146 92 -188 78 
23 at ͥ — — — 140 88 144 90 188 82 152 74 
55 — — — — 153 88 142 86 — — 168 72 
90 — — 168 76 166 76 148 8 — 
5 t 5 mins. 5 mins. 5 mins. 
rizon u punching punching 
lifting. bars. and the ball, the ball. 
in 30 secs.) 


* The greatest error is less than “01 second. 

| + The subject was thoroughly blown in each instance. | 

When the heart slows after exercise, inhibitory tone is probably 
increased, and while in the normal subject this is insufficient to retard 
conduction to an abnormal extent, on account of the functional reserve 
in the tissues concerned; yet, where conduction is primarily impaired, 
it is sufficient to produce very apparent disturbances in the form of 
heart-block. 
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xii. PROCEEDINGS OF THE PHYS. Sd, JUNE 28, 1913. 


: A note on the constitution of kynurenic acid. A correction. 
By Annie Homer, Beit Memorial Fellow. 


In the note on the constitution of kynurenie acid (Proc. Phys, Soc. 

March 15, xvitt. 1913) the lettering of the compounds described was by 

an oversight reversed. Adopting the generally accepted nomenclature 

for quinoline derivatives, the natural acid, hitherto regarded as vy b ydroxy 

9 G carboxy quinoline (written loc. cit. as a hydroxy H carboxy quinoline) 
according to the observation of the author, is in reality identical with 

y hydroxy a carboxy quinoline synthesised by Camps (written loc. cit. 

as a hydroxy y carboxy quinoline). 
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